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Abstract Developmental tests were conducted for an ion exchange process
developed to treat rinsewaters generated from cadmium cyanide electroplat-
ing operations. Results of previous laboratory studies were used as the basis
of design for the construction of a pilot-scale system that was installed at the
North Island Naval Aviation Depot, San Diego, CA. In this process, a chelating
cationic resin in the sodium form is used to remove Cd*2 followed by a strong
base anionic resin for removal of free cyanide. Tests were conducted using
both simulated rinsewaters and actual wastewaters. The results showed that
the removal of Cd*? was successful in all cases and the effluent concentration
was below the Federal Pretreatment Standards in most cases. The success of
the cation resin is due to its ability to break the metal cyanide complex and
selectively remove Cd*2 even in the presence of high concentrations of other
cations. The removal of CN" was not as successful. Effluent concentrations
were above Federal discharge standards. The cationic resin was regenerated
with sulfuric acid, producing a concentrated solution of cadmium suifate. Cad-
mium was recovered from the regenerant solution by electrowinning. The

anionic resin was regenerated with sodium hydroxide, producing a concen-
trated sodium cyanide solution.
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PREFACE

This report was pl:gamd by Arthur D. Little, Inc., Cambridge, Massachusetts under
Contract No. N4(-3,A 8-89-D-1025 for the Naval Civil Engineering Laboratory (NCEL),
Port Hueneme, CA.

This document summarizes the work performed between September 1991 and October
1992 on the pilot plant testing and evaluation of an ion exchange process for treatment
and recovery of cadmium cyanide wastewater. The pilot plant system was installed and
operated at the North Island Naval Aviation Depot, San Diego, CA by Arthur D. Little,
Inc. The results obtained during the field testing are documented in this Developmental
Test Report. Ms. Jennie L. Koff was the NCEL Project Officer for this contract; Armand
A. Balasco and Richard C. Bowen were the project manager and project engineer,
respectively, for Arthur D. Little, Inc.
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Executive Summary

Electroplating is performed by the Navy
at approximately 36 Naval Activities.
Typically, between 1,000 and 50,000
gallons per day (gpd) of cyanide
wastewaters are generated at
approximately 20 of the 36 Navy plating
shops. The Naval Civil Engineering
Laboratory (NCEL) has been tasked with
the development of alternative
technologies for the minimization and
cost-effective treatment of cyanide (CN-)
laden wastewater generated in these
shops. Several technologies are being
considered under this program including
ion exchange, electrolytic recovery, and
reverse osmosis. NCEL has chosen to
develop and test an ion exchange metal
recovery system to treat dilute cadmium-
cyanide (Cd-CN) wastewaters which
minimizes the generation of hazardous
waste. The system has undergone
laboratory-scale studies, pilot system
construction, and pilot-scale testing. This
report summarizes the results of the pilot
scale testing for this specific technology.

Ion exchange removes the soluble ions in
water by exchanging a non-toxic ion for
those dissolved in the water. The
advantages of ion exchange include
nearly 100% removal of heavy metals
from the wastewater, the potential for
recovery of the soluble materials, the
ability to reuse the treated water, and the
climination of metal hydroxide sludges.
Ion exchange for the treatment of Cd-CN
wastewaters was pursued because of
indications that the Cd2+, as well as the
CN-, could be removed from the
wastewater, and be recovered and reused
in the plating solution. This would result
in a net reduction in water use as well as
lower hazardous waste generation.

The first step in the program involved
laboratory studies to determine which
cation and anion resins would provide the
best performance for removal of Cd2+ and
CN-. In addition, the laboratory studies
cvaluated two types of resin regeneration;
classical chemical regeneration and acid
regeneration followed by a gas permeable
membrane for the collection of hydrogen
cyanide (HCN) gas. Based on these
laboratory tests, the use of selective cation

and anion exchange with classical
chemical regeneration was chosen for
further study and evaluation.

The results of the laboratory studies were
used as the basis of design for the
construction of a pilot-scale system
which was installed at the North Island
Naval Aviation Depot, San Diego, CA.
North Island was chosen as the host site
because it utilizes Cd-CN plating to repair
aircraft parts. North Island NADEP
generates approximately 1,000 gallons of
Cd-CN rinsewater each day.

The test plan developed for the pilot
program called for processing rinsewater
through the ion exchange columns. To
generate rinsewater, concentrated plating
solution was diluted to a resulting Cd2+
concentration of approximately 25 mg/l
and a CN- concentration of 50 mg/l. Both
city water and water processed through a
reverse osmosis (RO) unit were used for
dilution. The pilot system was operated
with two cation columns in series for the
removal of the Cd2+, followed by two
anion columns in series for removal of
CN-. Each resin column contained
approximately 2.5 liters of resin and
treated approximately S00 ml/min of
wastewater. The system was run over a
four month period for a total of 7 weeks.

The columns were left on-line until field
measurements indicated that the
concentration of Cd2+ and CN- in the
cffluent were equivalent to the influent
concentration or had become constant.
Samples were drawn from the effluent on
a regular basis and analyzed in order to
generate breakthrough curves. Figures
ES-1 and ES-2 are exampies of a typical
cation and anion breakthrough curve
obtained during the test program.

The results of the pilot testing indicated
that the quality of the dilution water and
the concentiation of Cd2+ and CN- had a
major effect on the performance of the
ion exchange resin. Table ES-1
summarizes the characteristics of the city
water, the RO water, and the contents of
Tank T-1 (simulated rinsewater made up
with both city water and RO water). The

Fimech.pt6798111693  ES-1




Figure ES-1: Typical Cation Breakthrough Curve

Run Summery

Feed Characterization
Prooses Water - RO Water
CN (mg/L) - 48

Cd (mgL) - 28
CNCdRatio-74

pH (su)-105

Na (mgl) - 125

Ca (mglL) - <1

Mg (mgA) - <1

Column Specification
Cation BV (L) - 2.2

Flow Rate (mimin) C-1: 83
Flow Rate (miVmin) C-2: 700
Flow Rate (mVmin) C-3: 70«

Results

Cation Capacity {(meq/L) C-1: 340
Cation Capacity (meg/L) C-2: 630
Cation Breakthrough (BV) C-1: 1140
Cation Breakthvough (BV) C-2: 1600°

* Equivalent BVs of feed

Figure ES-2: Typical Anion Breakthrough Curve

Run Summary

Feed Charactertzation
Process Water - RO Water
CN (mg/) - 47
CN:Cd Molar Ratio - 7.3
pH (s.u) - 10.5
COS3 (mgA) - 108
SO4 (mgL) - 5.1
Ci{imglL)-71.4

Column Specification
Anion BV (L) - 25
Fiow Rate (mi/min) - 600

-t
(-]

Cd Concentration (mM)
>

Rasuits

R ’ CN Capacity (meg/L) - 121
0 = {oprfr=r=r—r PP e Anion Breakthrough (BV) - 170
] 900 1000 1500 2000 2300 00

Firtach 1. 6798111 080 ES-2




Table ES-1: Rinse Water Characterization Data

1
+
Concentration (mg1L)
Sample pH cd Tow!  Toml
Locstion (sw) CN Totl Ns ©Cs Mg Fe Cu CO3 804 CI | Anlon  Cation
City Waer — — ND 110 8 28 ND 02 12 250 110 | @4 "
RO Water — = = 2 ND ND ND 00 00 30 33| to 10
PisingRinseWatee Tank | — 47 17 100 34 20 03 21 38 250 160 | 8 - 8. .
T-1 (CW low Cd) 96 8§ 18 220 42 24 03 20 €6 20 1| w 4
T-1 (RO Water) 108 8 2¢ 1286 ND ND 04 20 108 60 7% | 76 €Y.
T-1 (RO [DO) 1 14 61 48 ND ND 10 10 382 78 301 | & . 99
LT-1.(cw nigh cg) 98 N 6 301 14 23 10 30 78 198 177 | 14 17

—- Not analyzed for
ND - Not Detected
CW - city water

Source: Arthur D. Little, inc.
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city water in the San Diego area contains
high concentrations of Ca2+, Na+, SO42-,
and CL- These dissolved solids added to
the ionic loading to the resin and reduced
its capacity to remove Cd2+ and CN-.
Four different types of cadmium plating
rinsewater were processed including: city
water with low concentration of Cd2+ and
CN-: city water with high concentrations
of Cd2+ and CN- (actual rinsewater); RO
water with low concentrations of Cd2+
and CN-; and RO water treated by an
electrolytic recovery unit (as might be
seen in a dragout rinse).

The removal of Cd2+ was successful in all
cases and the effluent Cd2+ concentration
was below the Federal Pretreatment
Standard of 0.69 mg/L (daily maximum)
in most cases. Some Cd2+ leakage did
occur from freshly regenerated columns,
however, it is believed that it can be
controlled by performing slower
regeneration sequences and lowering the
throughput flow rate. The success of the
cation resin is due to its ability to
selectively remove the Cd2+ even in the
presence of high concentrations of other
cations as in the city water. The Cd2+
resin capacities followed the same
relationship as observed in the earlier
laboratory study: Cd2+ resin capacity
increases as the non-Cd2+ cation
concentration of the solution decreases;
and Cd2+ resin capacity increases as the
non-Cd2+ cation:Cd molar ratio
decreases.

The removal of CN-, however, was not as
successful. The anion resin is not as
selective, therefore, much of the CN-
passed through the system into the
effluent. The effluent concentrations
were above the Federal Pretreatment
Standard of 1.2 mg/L within a few bed
volumes of the start of processing. This
was observed when using both city water
and RO water. In addition, the results
showed that as the CN- concentration
decreased, the resin CN- capacity
decreased as was demonstrated in the
previous laboratory study.

Sulfuric acid was used to regenerate the
cation columns. The acid regeneration

sequence produced a concentrated
solution of cadmium sulfate (CdSOy4 )
which was then able to be processed in
the electrolytic recovery unit (ERU). The
flow rate of acid, over the range tested,
appeared to have a slight effect on the
efficiency of the regeneration procedure
in that the slower flow rates resulted in a
narrower elution curve. The majority of
the Cd2+ was recovered in 1.5 to 3 bed
volumes (BYV) of total throughput and
resulted in a CdSOy4 solution with
approximately 2000 mg/l of Cd2+.
Typical Cd2+ recoveries ranged from 75
to 100%. Periodic samples were taken
during regeneration to develop a bell
curve allowing the collection of the most
concentrated solution for processing in
the ERU. Following acid regeneration,
the resin was put into its sodium form by
processing sodium hydroxide (NaOH)
through the column.

The anion columns were regenerated with
NaOH. Cyanide recoveries ranged from
12 to 15% and the concentration of the
NaCN regenerant was low (<500 mg/l
CN-). This is due to the poor removal of
CN- by the resin,the gradual
decomposition of the CN- to cyanate
(CNO-), and the removal of CN- from the
resin during the initial rinse. In addition,
analysis of the regenerant solution
showed high concentrations of the other
anion species present in the rinsewater
which were also removed on the anion
resin. These species included SO42-, Cl-,
and CNO-. The high concentrations of
these anions and the low concentration of
CN- make the reuse of the NaCN solution
in the plating bath undesirable.

Electrolytic recovery tests were
performed to determine the feasibility of
recovering Cd metal from concentrated
solutions. Two electrolytic recovery tests
were conducted; one on the concentrated
CdSO4 regenerant solution, and one on a
simulated dragout (DO) solution. The
first test was conducted on the
concentrated regenerant (2000 mg/l Cd2+)
during which 97% of the cadmium was
recovered. The solution was extremely
acidic and resulted in a powdery deposit
of Cd metal on the cathode plates. Low
recirculation and a high current density
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added to the poor quality of the plate.
This can be improved by increasing the
pH, lowering the current density, and
increasing the recirculation rate.

The second ERU test was conducted on a
simulated dragout solution prepared by
diluting concentrated plating solution 1o a
CN- concentration of 1,800 mg/l and a
Cdz2+ concentration of 1,000 mg/l.
Approximately 65% of the cadmium was
recoverea before the test was terminated.
The recovered Cd metal was of much
higher quality than the previous test,
being thin silvery sheets. Thisis due to
the higher recirculation rate, lower
current density, and higher pH of the
cyanide based-solution. The ERU tests
indicate that Cd metal can be recovered
from both concentrated regenerant
solutions and dragout solutions.

Based on these results, a preliminary
design was prepared of a full-scale
system. Two systems were evaluated;
one utilizing RO water for rinsewater
makeup (Option No. 1), and one utilizing
city water (Option No. 2). Both systems
utilize ion exchange for the removal of
Cd2+, however, the use of ion exchange
for the removal of CN- was not included
due to the poor results seen in the pilot
study. CN- treatment was assumed to be
alkaline chlorination which is part of the
existing North Island industrial
wastewater treatment plant TWTP).

Figure ES-3 illustrates the block flow
diagram for Option No. 1.
Approximately 75% of the treated water
is recycled back to the Cd-CN rinse tank
(or other rinse tank). In addition, because
RO water is used as make up to the rinse
tank, the cation loading to the ion
exchange columns is reduced and the
volume of resin required is less.

Figure ES-4 illustrates the block flow
diagram for Option No. 2. Only city
water is utilized in this system and no
treated water is recycled. This results in
the need for larger volumes of resin to
treat equal volumes of water. This also
results in larger quantities of regenerant
chemicals and larger holding tanks.

A comparison of the capital and operating
costs of the two Options was conducted.
The capital costs are essentially the same,
$210,000 for Option No. 1 and 204,000
for Option No. 2. The operating costs,
however, were lower for Option No. |
than for Option No. 2 due to the recycling
of approximately 75% of the rinsewater,
and the lower chemical and power
requirements. Annual ting costs
were estimated to be $68,000 for Option
No. 1 and $71,000 for Option No. 2. It
appears from this analysis that RO treated
water, or water of similar quality, is
desirable for use in plating rinse tanks
when utilizing ion exchange as a
treatment technology.

These capital and operating costs were
compared to costs developed in an earlier
study for a conventional treatment system
including metals precipitation and
cyanide destruction. The capital cost was
estimated at $115,000 and the annual
operating costs at $47,000. These costs
are lower than those developed for the ion
exchange system, however, the hidden
costs of hazardous waste generation
should be considered when making a
comparison,
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Pigure ES-3: Biock Flow Diagram for Fuil-Scale Cadmium Cyanide Treatment System - Option No. 1
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Figure ES-4: Block Flow Diagram for Fuli-Scale Cadmium Cysanide Treatment System - Option No. 2
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1.0 Introduction

The Naval Givil Engineering Laboratory (NCEL) has been tasked with the development
of alternative technologies for the minimization and cost-effective treatment of cyanide
(CN- ) laden wastewater generated in Naval plating shops. Under this program, NCEL is
developing an ion exchange metal recovery system to treat dilute metal-CN- wastewaters
without generating hazardous siudge.

Laboratory studies were completed on the following ion exchange/metal recovery
systems: (1) Heavy-metal selective cation exchange in conjunction with strong base
anion exchange; and (2) Anion exchange/gas membrane (program performed in
conjunction with the University of Minnesota). The results of the laboratory tests
indicated that selective cation exchange and anion exchange systems should be further
developed and evaluated. Recent advancements in ion exchange technology indicate that
specific contaminants can be removed selectively. The unique process can be applied to
the treatment of cyanide wastewater and involves the use of chelating cation resin
followed by a strong base anion resin. Heavy metals such as cadmium that are complexed
with cyanide in an anion species are not normally displaced by sodium in a cation resin.
However, the laboratory tests indicated that a chelating cation resin in the sodium form
would break the metal cyanide complex and adsorb cadmium. Free cyanide passing
through the resin is then removed by a strong base anion resin. Regeneration of the spent
cation resin is performed using sulfuric acid, producing a concentrated metal acid solution
that is treated using electrowinning to recover the cadmium metal for reuse. Regeneration
of the spent anion resin is performed using sodium hydroxide, producing a concentrated
sodium cyanide solution.

Developmental testing and evaluation of this technology has been conducted in several
phases: design and construction of a pilot system; hazards and operability (HAZOP)
analysis of the pilot system; installation and operation of the pilot system at North Island
Naval Aviation Depot (NADEP); evaluation of the operating data collected during the
pilot testing; economic evaluation of the ion exchange system; and the preparation of a
Developmental Test Report (DTR). This report details the results of the developmental
test and evaluation effort completed at NADEP North Island on the ion exchange/metal

recovery process.
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2.0 Background

2.1 Navy Electropiating Operations

Electroplating is performed by the Navy at approximately 36 Naval Activities. The
electroplating process is used to repair parts from aircraft, ships, weapons, and
communications systems. Approximately 20 of the 36 plating facilities use cyanide
solutions to plate metals such as cadmium, copper, zinc, silver, nickel, and gold.
Typically, between 1,000 and 50,000 gallons per day of cyanide-containing rinsewaters
are generated at the 20 plating facilities utilizing cyanide plating operations. The most
common method of treatment of these waste waters is alkaline chlorination of the cyanide
followed by hydroxide precipitation of the heavy metals. These two treatment methods
are classic "end of pipe” technologies, and therefore, do not provide the ability to
recover, recycle or reuse the contaminants (metals and cyanide) or the treated rinsewater.
In addition, the hydroxide precipitation of heavy metals generates a metal hydroxide
sludge which must be disposed of as a hazardous waste.

In the past, these treatment technologies have been satisfactory in meeting regulatory
requirements for wastewater discharges, however, it is likely that these requirements will
become more stringent especially for cadmium and cyanide. In addition, the Resource
Conservation and Recovery Act (RCRA) instituting the cradle to grave management of
hazardous waste discourages the generation of any hazardous waste and mandates the
active pursuit of source reduction and waste minimization efforts in manufacturing
processes. The study of ion exchange and electrolytic recovery for the treatment and
reuse of cadmium and cyanide is an effort to reduce the liability of generating hazardous
waste and to comply with the RCRA waste minimization requirements.

2.2 Description of ion Exchange Phenomena

Ion exchange is the physical-chemical process by which ions in solution are transferred to
a solid, and vice versa. The ions are held by electrostatic forces to charged functional
groups on the surface of a solid, and are exchanged for ions in solution. The solids are
usually in the form of resins, and consist of small beads with functional groups on the
surface available for ion exchange. The charge of the functional group determines the
type of ion which is attracted to it, cation or anion. Cation exchange resins typically
contain sulfonic acid groups which are negatively charged and attract positively charged
cations. Anion resins contain amine-based functional groups which are positively charged
and are electrostatically attractive to negatively charged anions. All ion exchange resins
have fixed ionic groups that are balanced by counter-ions of opposite charge to maintain a
neutral charge. These counter-ions will exchange with the ions in solution.

In the typical mode of operation, the ion exchange resin is contacted with the solution
containing the ion to be removed until the active sites in the resin partially or completely
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contain that ion ("exhausted”). Following the exhaustion step, the resin is contacted with
a concentrated solution of the ion originally associated with the resin to convert
("regenerate”) the resin back to its original ionic form. Typical cation regeneration
solutions are sulfuric acid (H,S0Q4) solutions, or sodium chloride (NaCl) solutions, to
replace the ion attached to the functional group with either H+ or Na+. The resulting
"eluate solution” contains high concentrations of the ion removed from solution. A
similar process is used for anion regeneration. Typical regeneration solutions for anion
resins are sodium hydroxide (NaOH) or NaCl, which put the resin into the OH- or Cl-
form.

23 Previous Laboratory Studies

NCEL completed a screening of chelating resins and an initial feasibility study S on the
selected resin. The results of their screening indicated that Rohm and Haas' Amberlite
IRC-718™, a macroreticular chelating resin, was not only the most effective resin tested
in breaking the heavy metal Cd-CN complex, but also had the highest selectivity for the
Cd2+ ion. At the conclusion of the screening tests, NCEL recommended the process be
reviewed further for technical feasibility in a laboratory program.

Both of the ion exchange systems proved technically feasible and capable of recovering
the Cd2+ and CN-. One of the initial concerns regarding the cation/anion exchange system
was the ability of the cation exchange resin, Amberlite IRC-718™, to break the Cd-CN
complex and retain only free Cd2+ on the resin. The resultsé of both isotherm and column
tests demonstrated that the cation resin was capable of breaking the complex and binding
the free Cd2+. The laboratory testsé also showed that the Cd2+ capacity of the resin was
dependent on the sodium (Na+ ) concentration in the feed stream, and that the Cd2+
capacity increased when: 1) the total cation concentration of the solution decreased, even
at a constant relative concentration of Na+ and Cd2+ (molar ratio); and 2) the Na+:Cd2+
molar ratio was small.

The results of the laboratory testsé were utilized to develop a model to predict the Cd2+
resin capacity based upon the total cation concentration in the solution. The model is
based upon the following chemical equation:

cd
KNa
2R- Na+ + Cd2+ ------------ > R22‘°Cd2* + 2Na+ (Q‘ 2.1)

The equilibrium constant for this exchange can be expressed as follows:

K = ([Cd?*]g * [Na+*}s?) / (ICd?*]s * [Na+*]r2) (cq. 2-2)
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A median value of K was developed from the laboratory results and was used to solve for
the Cd2+ resin capacity in Equation 2-2 ({Cd2+]g). Figure 2-1 is a graph produced using
this equation where the cation concentration is converted to equivalent Na+ concentration.
The graph indicates that the resin has a higher capacity for Cd2+ when: (1) the ionic
concentration of the solution decreases, even though the relative concentration of the Na+
and Cd2+ (molar ratio) remains the same; and (2) the Na+:Cd2+ molar ratio decreases. A
similar model was developed for the CN- resin capacity in the anion column which
showed that the CN- resin capacity increased when the OH- (or total anion concentration)
was low and when the CN- was high.

The limitation of the cation/anion exchange system was the capacity of the anion resin,
Amberlite IRA-458™, for free CN- at the pH and total anion concentration found in the
plating rinsewaters. The resin was technically capable of removing the CN-, however, the
resin CN- capacity was very low which results in frequent regeneration. A second
limitation of the system was the low concentration of CN- in the NaOH eluate leaving the
anion bed and the resulting large volume of eluate to be recycled to the plating bath.

A second process was also investigated which was based on past work by the University
of Minnesota 1.23.4, This work suggested that a regeneration process using sulfuric acid
(H2S0Oy) as the regenerant and a gas permeable membrane to collect the hydrogen cyanide
(HCN) gas produced would alleviate the metal hydroxide formation during regeneration
and allow for the collection of concentrated metal sulfate and sodium cyanide (NaCN)
streams. The ion exchange/gas membrane (IX/GM) process was tested and the results
were promising, however, it was not selected for further study because of the inability of
the process to bind free CN- on the anion resin and because of safety concerns about the
intentional production of HCN gas.

2.4 Electrolytic Recovery Phenomena

Electrolytic recovery involves the application of an electric current to an anode, which
provides excess electrons to the electrolyte solution. This electric potential drives the
metal ions to the cathode plate where the excess electrons are accepted by the metal ion
and plated onto the cathode as elemental nietal. The principle benefit is that the process is
selective, recovering only the metal segment in the waste. In addition, the physical form
in which the metal is recovered, its base metallic state, can be potentially reused instead of
requiring disposal as a hazardous waste.

Several resistances may be encountered that reduce the efficiency and quality of the
plating process and are related to the thickness of the boundary layer (which is a function
of circulation rate), the bulk concentration, and the voltage. The typical physical factors
used to adjust the rate of metal deposition include cell voltage,
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current density, cathode surface area, agitation or circulation rate, metal concentration and
solution chemistry, and temperature. These factors affect the diffusion rate of metal ions
from the bulk solution to the cathode surface where metal ions are reduced to their
metallic state and are generally varied to obtain the best conditions for operation. To
obtain a good quality deposit, it is desired to keep this process kinetically controlled, as
opposed to diffusion controlled. At lower current densities, the metal deposits in an
orderly fashion, and the plate is of higher quality. This generally occurs below what is
termed the limiting current, or ir.. Below this current, the process is kinetically limited,
above this current, the process is diffusion limited. An illustration of the limiting current
is provided in Figure 2-2.

It is especially difficult to operate below i in the lower concentration ranges encountered
during waste treatment as opposed to the higher concentrations found in electroplating
process tanks. As the concentration decreases, the limiting current also decreases. In
addition, in acidic solutions, such as CdSOy4, with high concentrations of hydronium ions
(H30¢), the evolution of hydrogen gas is kinetically favored over cadmium deposition
which causes a rough powdery deposit because sites of bubble growth are isolated from
the electrolyte.

The Navy has conducted considerable research on the use of electrolytic recovery as a
point source treatment technology. Several Navy facilities are currently utilizing the
technology, however, it is not yet been used in conjunction with ion exchange for
removal of the residual soluble metals.
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Figure 2-2: lilustration of Limiting Current for a Fixed Metal
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fimach 1t 6798 1.NCEL11.003 2-6




3.0 Technical Objective

The overall objective of this program was to determine the ability of the ion exchange
system to treat and recover Cd2+ and CN- from plating rinsewaters. The specific objective
of the pilot test program is to utilize the optimum operating conditions for the cation/anion
exchange system, as developed in the laboratorys for treating synthetic wastewater, to
treat actual wastewater. Operation of the pilot system will provide insight into resin
capacity, optimum regeneration conditions, process safety issues, process monitoring,
emergency procedures, and performance of field instrumentation.

The pilot system was operated for approximately seven weeks using Cd-CN wastewaters
generated from NADEP North Island's plating operations during which approximately 17
cation regeneration cycles and 10 anion regeneration cycles were conducted. The system
was operated in such a manner as to collect the following types of data:

» Cation and anion resin capacity for Cd2+ and CN- respectively;

» Cation and anion resin capacity for Cd2+ and CN- for rinsewaters generated
following point source electrolytic recovery;

*  Changes in Cd2+ or CN- resin capacity and removal efficiency after a number of
regeneration cycles;

» Discharge leakage levels of Cd2+ and CN- after regeneration;

»  Concentration of Cd2+ and CN- in the eluate streams;

* Potential for CN- reco rery;

» Efficiency of Cd and sulfuric acid recovery in the electrolytic recovery unit;
» Cation resin regeneration efficiency using recovered sulfuric acid;

*  Water/rinsewater requirements;

« Energy requirements;

e Material requirements; and

»  Operational issues/concems.
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4.0 Pllot System Design and Operation

The pilot system (designed and constructed by Arthur D. Little personnel) was shipped
from Arthur D. Little's Cambridge, Massachusetts, facility to North Island as a skid
mounted unit. Arthur D. Little personnel began assembling the system on 1 April 1992.
The system was started up and operated for seven weeks during the period of 8 April to
24 July 1992. A total of 13 breakthrough curves were developed for the cation columns
and seven breakthrough curves for the anion columns. In addition, 17 regeneration
curves were developed for the cation columns and 10 for the anion columns. Two
electrolytic recovery runs were conducted for the removal of metallic cadmium from
solution.

The main parameters influencing the design and operation of the pilot system include:
* Hydraulic loading to columns (influent flow rate);

* Pollutant loading (concentration of Cd2+ and CN-);

» Frequency of regeneration (resin capacity); and

* Rate of regeneration (regenerant flow rate).

During the laboratory testing phase, these operational parameters were varied to
determine the optimum conditions for processing Cd-CN wastewaters. These parameters
were utilized to size the columns and set the flow rates for the pilot-scale system.

4.1System Description

Figure 4-1 illustrates the process flow of the pilot system. Cd-CN rinsewater is either
transferred directly to the feed system, or plating solution is diluted in the feed system to
simulate rinsewater. The rinsewater is then pumped through the cation exchangers to
remove the Cd2+ allowing the free cyanide to pass through and be removed in the anion
exchangers. The system design includes three cation columns followed by three anion
columns. Two cation columns were utilized in series and two anion columns in series.
The third column is left off-line as a spare and is put on-line when the lead column
becomes exhausted. The polish column then becomes the lead column, and the spare
column is put on-line as the polish column. This design allows two columns to continue
operating to maximize resin utilization while the third column is being regenerated. The
columns have been designed to minimize the potential for cross contamination of the acid
and CN- bearing rinsewaters. Quick disconnect fittings are utilized to add flexibility to the
system configuration/operation.
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Regeneration of the cation columns is conducted in several steps. The column is rinsed to
displace any residual cyanide, and is then regenerated utilizing a 10% H2SOy4 solution.
The most concentrated portion of the CdSOj4 solution is collected in a tank for processing
in an ERU to remove the Cd metal. The resin is further rinsed to displace all of the acid.
This is followed by an NaOH neutralization step utilizing 5% NaOH and then a final
rinse. Anion columns are regenerated in a similar manner utilizing an NaOH solution.
The columns are rinsed initially, then the regenerant is metered into the column, and the
column is rinsed again to remove any residual NaOH.

During the operation of the pilot system, all treated rinsewater was discharged to the
industrial wastewater treatment plant TWTP) via the cyanide sump in the electroplating
shop. All concentrated and dilute acid eluate and rinse solutions were collected in storage
tanks and pH adjusted prior to discharge to the IWTP via the same cyanide sump. All
concentrated NaCN eluate solutions were removed by the site chemical handlers. The
dilute NaCN rinses were discharged to the IWTP.

4.2 Basis of Design

Table 4-1 shows the design basis for the pilot system which reflects the information
gathered during the laboratory testing phase and specific conditions found at the NADEP
North Island facility, as well as practical items for operating the system efficiently.

Based upon these resin quantities and assumed wastewater concentrations, the lead cation
column was estimated to require regeneration every 2 to 3 days, and the lead anion
column every 1 to 2 days. These breakthrough periods are dependent upon many factors
including: pollutant concentration, flow rate, and regeneration efficiency. The
regeneration procedures were developed based on the design basis shown above, the
laboratory-scale tests, and from discussions with Rohm and Haas' technical personnel.

4.3 System Installation

The pilot system was fabricated at Arthur D. Little and shipped to NADEP North Island
as a skid mounted unit. Arthur D. Little personnel arrived on the NADEP North Island
site to begin the installation and start-up of the pilot ion exchange system on 1 April
1992. During this phase, a determination was made that the pilot system was located
directly above the general sump which collects acidic wastewaters from the plating shop.
In order to prevent any CN- bearing rinsewaters from draining into this sump, it was
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Table 4-1: Basis of Design

Parameter

Pilot Plant Operating Schedule
Wastewater input flow rate
Cd2+ Concentration

CN- Concentration

Cation Column
Diameter
Length
Flow-through Rate
Hydraulic Loading
Resin Capacity
Bed Volume (BV)

Anion Column
Diameter
Length
Flow-through Rate
Hydraulic Loading
Resin Capacity
Bed Volume (BV)

Electrolytic Recovery Unit

Capacity
Cathodes
Anodes
Rectifier

Quantity

24 hrs/day (7 days/week)

150 gpd
23 mg/L
23 mg/L.

3in

10in

20 BV/r

83 L/min-m?
600 meg/L
2.2 L/column

4in
12in
10 BV/hr
..3 L/min-m2
400 meg/L
2.5 L/column

20L

1 s.f. Stainless Steel
1 s.f. Stainless Steel
100 A, 110V
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decided that all tanks associated with the ion exchange pilot system be provided with
secondary containment, and that all water containing CN- be discharged via a floor drain
directly to the CN- sump. Piping alterations were required to accomplish this. In addition
to the containment tanks, the ion exchange skids were surrounded with spill containment
pillows to prevent any leakage of CN- bearing water from running onto the floor and
possibly entering the general sump. Figure 4-2 illustrates the equipment layout of the
system in the Building 472 Plating Shop.

After assembly, the pilot ion exchange system was inspected and approved by the
NADEP North Island safety and environmental personnel. Upon completion of the
installation, the pilot system was started up. Arrangements were made with NADEP
second-shift personnel to periodically inspect the system up until 0200 hours each
moming; thus allowing the system to continue to operate overnight. The system was
operated for a total of seven weeks during the period of 8 April to 24 July 1992. Each ion
exchange column was operated until field measurements indicated breakthrough, at which
time it was taken off-line and regenerated.

4.4 Description of System Operations

The pilot system is designed to treat rinsewater containing Cd-CN from plating
operations in the facility (Photograph 4-1). The wastewater to be treated was obtained
from two sources; diluted plating bath solutions and actual plating bath rinsewater. Due to
the fluctuations in concentration of the actual rinsewater, most of the tests were conducted
on diluted plating bath solutions. '

Figure 4-3 is a piping diagram for the pilot system and Photograph 4-2 presents an
overview of the system. The wastewater was prepared in the wastewater feed tank (T-1),
and pumped through the ion exchange columns. The wastewater was processed through
a filter to remove any suspended solids, an activated-carbon column to remove any
organic matter (this step was not utilized since organic levels were already sufficiently
low), then through the cation columns, followed by anion columns in series. One cation
column and one anion column were always off-line to allow for regeneration. The treated
effluent was then discharged to NADEP North Island’s Industrial Wastewater Treatment
Plant (IWTP) via the CN- sump in Building 472. Throughout the conduct of the test,
parameters such as flow rate and pressure drop along with concentration data were
collected (at specified locations throughout the pilot system) to allow for evaluation of the

process.

Upon breakthrough, the lead anion and cation columns were taken off-line and
regenerated, and another column was put on-line. The system had been designed to allow
the lead column (both cation and anion) to be taken out of service for regeneration,
allowing the remaining two columns to continue to process wastewater. Upon completion
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Figure 4-3 (continued): Legend for Piping Diagram

:

L im©Ol0®0 00

Sampling

Hard Piping
Flexible Hose with Quick Disconnects

Centrifugal Pump
P-1 Feed Pump
P-2 Feed Pump
P-3 Transfer Pump
P-4 Transter Pump

Gear or Peristaltic Pump
P-5 Sulturic Acid Pump
P-6 Sodium Hydroxide Pump
Pressure indicator
Pressure Differential Indicator
Fiter
pH Meter
lon Specific Meter
Sample Point
Temperature Meter
Rotometer
Ball Vaive
Vent Vaive
Quick Disconnect

influent Tank
T-1 Wastewater Feed

Chemical Feed Tanks
T-2 Sodium Hydroxide
T-3 Sulfuric Acid

Effluent Tanks
T-4 Regenerated Sulfuric Acid
T-5 Dilute Sulfuric Acid
T-6 Concentrated Cadmium
Sulfate
T-7 Regenerant Sodium Cyanide
T-8 Spare Tank

Arrangement: @
R T

Source: Arthur D. Little, Inc.
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lon Exchange Treatment System

Photograph 4-2:
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of the regeneration sequence, the freshly regenerated column was placed in standby until
it was required to be returned to service as the polishing column (last in series). This
enabled the resin in the remaining two columns to be utilized to their full capacity. Some
runs were conducted without a polish column on-line when a breakthrough curve for just
the lead column was being developed.

Regeneration of the cation columns involves a downflow rinse step utilizing city water,
followed by the regeneration step where a solution of 10% H2SOy is passed through the
resin column to remove the Cd2+ ions as CdSOj. The concentration of CdSQy in the
waste eluate solution varies, beginning with very dilute concentrations, followed by a
highly concentrated solution, followed by a dilute concentration again. This "bell curve”
was characterized during the pilot phase from the data collected. After completion of the
regeneration phase, a second rinse is performed to displace the HSOy4 solution from the
cation column. Finally, the resin is neutralized with a 5% NaOH solution to put the resin
back in the "sodium" form. A final rinse is performed to remove any residual NaOH from
the column. The different solutions were collected in the Dilute Sulfuric Acid Tank (T-5),
the Concentrated CdSO4 Tank (T-6) depending upon the concentration of Cd2+ and the
pH, and the Spare Tank (T-8). The redirection of the wastewater to these tanks was
controlled manually.

Regeneration of the anion columns involves a similar rinse-regeneration-rinse sequence.
The regeneration solution, however, is 5% NaOH solution. The resulting eluate contains
varying concentrations of NaCN at a pH varying from 10 to 13. Because of the potential
high concentrations of NaCN in the cluate, it was collected in the NaCN Tank (T-7)
where it was held until the NADEP North Island chemical handlers emptied the tank.

Two ERUs were utilized to remove Cd metal from solution. Photograph 4-3 shows the
ERU used to recover Cd metal from the cation eluate. Each ERU unit was operated in a
batch mode. The recirculation pump suction line was piped from the pracess tank
discharging to the unit. The liquid level would rise and overflow through an overflow
pipeline back into the process tank. The current was adjusted as necessary. Each night
when the unit was shut down the cathodes were removed, rinsed, and scraped. The clean
cathodes were reinserted into the unit upon start-up of the next sequence. The current
density, agitation rate, and Cd2+ concentration were monitored to determine the operating
conditions.
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4.5 Operating Procedures

4.5.1 Preparation of Wastewater

The wastewater to be processed through the pilot ion exchange system was collected and
prepared from two sources: 1) dilution of the plating bath solution at a ratio of
approximately 1000:1 in T-1; and 2) transfer of the rinsewater direc ly from the plating
bath rinse tank to T-1.

Prior w collecting the wastewater samples, the NADEP North Island Shop Materials
Manager was contacted to ensure that the collection procedure would not interrupt normal
production. The materials manager collected all samples taken from the plating bath. The
shop chemical handlers were contacted to transfer rinsewater from the Cd-CN rinsewater
tank to Tank T-1.

Based upon an analysis of the plating bath solution, approximately 1.5 liters of plating
bath solution were diluted with 400 gallons in Tank T-1. City water was used to dilute
the plating solution for the first several runs because city water is used in the rinse tank.
Water processed through the shop reverse osmosis unit (RO water) was used in later runs
for dilution of the plating bath solution. After the tank was filled to the 400 gallon mark,
the mixer was turned on to mix the contents of T-1. In addition, the process pump P-1
was turned on with full recirculation to T-1 for further mixing. After complete mixing,
the valve positions were adjusted to pump the water through the ion exchange system.
The average flow ranged from 300 to 700 ml/min. When the water level in the tank
dropped below 100 gallons, the process pump was shut off and additional plating bath
solution was added. The amount of solution added was calculated based on a 1000:1
dilution to bring the tank level back to 400 gallons.

Runs conducted using actual rinsewater were scheduled in advance to allow the chemical
handlers to perform the transfer of the wastewater. When the water level in the tank
dropped below 100 gallons, the chemical handlers were contacted again to transfer
additional wastewater. The Shift Supervisor and Materials Manager were consulted in
each case to ensure that the production schedule would not be affected.

A third set of runs was conducted which simulated final rinsewaters generated following
a plating bath dragout. Approximately 60 gallons of RO water were spiked to about 1000
mg/L of Cd2+ and processed through an ERU for 36 hours to reduce the Cd2+
concentration. The resulting 60 gallons of water were transferred to T-1 and diluted to the
400 gallon mark using RO water. This tank of water was then processed through the ion
exchange system.

At the conclusion of all test runs, any remaining wastewater was pumped to the CN-

sump for transfer to the IWTP. A new batch of wastewater was then prepared for the
next test run.
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4.5.2 Preparation of Regeneration Solutions

10% Sulfuric Acid Solution - The Sulfuric Acid Chemical Feed Tank (T-3) was
filled with approximately 25 gallons of city water. This was sufficient to conduct up to 15
regeneration sequences and to provide enough acid for cleaning glassware. A 10% by
weight solution of HSO4 was prepared by adding approximately 1.6 gallons of 96%
H,S04 to approximately 25 gallons of water. The contents of the tank were mixed and
the specific gravity was then tested using a hydrometer. Acid or water was added unil the
specific gravity was approximately 1.07. Proper safety equipment was utilized including
chemically resistant gloves, face shield, overalls and splash apron.

One of the objectives of the pilot system was to determine whether HSO4 could be
reused once the Cd2+ had been removed in the electrolytic recovery unit. If any eluate
H,S04 was available after using the ERU (T-4), it would be transferred into the Sulfuric
Acid Chemical Feed Tank (T-3). The desired strength and volume would then be adjusted
by adding fresh H,SO4 or water until the specific gravity was approximately 1.07. No
electrolytically recovered H2SO4 was available, however, during the pilot plant runs.

5% Sodium Hydroxide Solution - The Sodium Hydroxide Chemical Feed Tank (T-
2) was filled with approximately 25 gallons of city water. Approximately 3.7 gallons of
sodium hydroxide (50%) was carefully added to the tank to prepare a 5% by weight
solution of NaOH. The contents of the tank were mixed and the specific gravity of the
contents of the tank was tested using a hydrometer. Additional NaOH or water was added
until the specific gravity was approximately 1.05. Generally 25 to 30 gallons was
sufficient for a three week period. Again, proper safety equipment was utilized while
making up the solutions.

4.5.3 Loading Columns

Once the columns were assembled-and mounted, they were filled and conditioned. The
ion exchange resins were backwashed to remove any air pockets, resin fines, or other
debris. The resins were then rinsed and regenerated according to the Regeneration
Procedure outlined in the Test Plan.

Cation Resin - Approximately 1 hour prior to filling, the cation resin was placed in a
container filled with water. Approximately 2 inches of glass beads were added to each
cation column. The cation columns were then filled with approximately 10 inches of
hydrated resin. The columns were backwashed using flexible hoses connected to the city
water supply and discharged to the IWTP. The flow was maintained until all air pockets
and particles were removed, and the bed was fully fluidized. A regeneration cycle was
then conducted according to the regeneration procedure described in section 4.5.5.1 of
this report.
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Anion Resin - Approximately 1 hour prior to filling, the anion resin was placed in a
container filled with water. Approximately 2 inches of glass beads were added to each
anion column. The anion columns were then filled with approximately 12 inches of
hydrated resin. The columns were backwashed using flexible hoses connected to the city
water supply and discharged to the IWTP. The flow was maintained until all air pockets
and particles were removed, and the bed was fully fluidized. A regeneration cycle was
then conducted according to the regeneration procedure described in Section 4.5.5.2 of
this report.

Activated Carbon - The activated carbon column was not utilized since there was no
evidence that the Cd-CN plating tank had high concentrations of organic materials or
brighteners in it.

4.5.4 System Operation

Once the wastewater batch in T-1 was fully mixed, the system was started. The columns
to be operated were selected and the proper valve positions adjusted. The discharge from
the process pump was then adjusted 0 recirculate the majority of the flow back to T-1
and the remaining desired flow to the ion exchange system. The pump discharge pressure
and flow rate were checked periodically to ensure that the pressure drop across the filter
had not exceeded 5 psi. Periodic samples were taken from T-1 to characterize the feed
stream. Automatic ISCO® samplers were utilized to take hourly samples of the discharge
from the lead cation and anion columns.

Samples were also taken from T-1 and the columns’ discharge and analyzed using ion
specific electrodes (ISE) and Hach® kit tests. This information was used to determine if
the column had reached breakthrough. Breakthrough of the cation column was
determined to occur when the concentration of Cd2+ in the lead cation column effluent
steadily increased and then leveled off. Full breakthrough occurs when the concentration
in the influent is equal to the concentration in the effluent. When it was determined that a
column had broken through, it was taken off-line for regeneration. If desired another
column was put on-line.

Breakthrough of the anion column was determined to occur when the concentration of
CN-in the effluent from the lead column steadily increased, and eventually became equal
to that in the influent or until it leveled off. When breakthrough occurred, the column was
taken off-line for regeneration and another column, if desired, was put on-line.

Utilizing the design basis, a test program was developed to incorporate the range of
variables to be examined and their effect on the performance of the system. Table 4-2
outlines the proposed cation exchange runs to be conducted during the pilot system and
are based on different regeneration flow rates. Table 4-3 outlines the proposed anion
exchange runs.
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The ISE probes were calibrated on a daily basis. The liquid level in all the process tanks
and chemical storage tanks was inspected daily to prevent any overfilling.

4.5.5 Regeneration

Once a column exhibited full breakthrough, it was taken off-line to be regenerated.
Regeneration consists of several steps: (1) initial rinsing, (2) chemical regeneration, and
(3) final rinsing. The cation resin has an additional neutralization step to return the resin
to its sodium form before the final rinse step. The chemical regeneration and rinsing steps
are conducted in a "downflow" mode to prevent the resin bed from expanding. The
process fluid enters the top of the column and exits at the bottom of the column. Table 4~
4 shows the operating parameters chosen for the regeneration of the cation and anion
columns.

4.5.5.1 Catlon Column Regeneration. The procedure followed for regeneration
of the cation columns is outlined below.

Initial Rinse

The city water supply was connected to the top of the column and the discharge hose was
directed to the CN- sump. A city water rinse was conducted for approximately 1 hour to
remove any CN- in the column. Approximately 18 bed volumes (BV) were processed.

Chemical Regeneration

The discharge from the Sulfuric Acid Pump (P-5) was connected to the top of the column
and the discharge directed to the Dilute Sulfuric Acid Tank (T-5). The portable mixer in
the Sulfuric Acid Feed Tank (T-3) was turned on to agitate the contents of the tank. The -
flow rate of the HSO4 solution was adjusted to 200 to 1,000 ml/min. This rate was a
variable and was changed for several regeneration runs to determine the optimum rate to
achieve a sharp bell curve. The pH and volume throughput was monitored to determine
when the acid broke through the column. When the pH dropped below 2, the sulfuric
acid pump was shut off. This resulted in approximately 1.8 BV of throughput.

Rinse

A slow rinse was conducted using city water. The flow rate was adjusted to
approximately the same flow rate as the acid regeneration step. The slow rinse step
displaced the acid within the column. Approximately 3 BV were required. The slow rinse
was discharged to the Concentrated Eluate Tank (T-6). After the pH had stabilized above
0, the slow rinse was stopped.
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Table 4-4: lon Exchange Regeneration Parameters
Parameter Value

Cation Columns
Initial Rinse Flow Rate 0.38 L/min
Initial Rinse Volume 35L
Regeneration Flow Rate 0.04 - 0.08 L/min
Acid Requirement 6-12 1bs H,SO4/ fi3
Volume of Regenerant 1.87 L 10% H;SO, solution
Slow Rinse Flow Rate 0.04 - 0.08 L/min
Slow Rinse Volume 1.2
Fast Rinse Flow Rate 0.38 L/min
Fast Rinse Volume 10.5L
Neutralization Flow Rate 0.04 - 0.08 L/min
NaOH Regquirement 4 1bs NaOH/ f3
Volume of Neutralization Solution 1.32 L 5% NaOH solution
Final Rinse Flow Rate 0.38 L/min
Final Rinse Volume 25L

Anion Columns
Initial Rinse Flow Rate 0.38 L/min
Inital Rinse Volume 74L
Regeneration Flow Rate 0.08 - 0.16 L/min
NaOH Requirement 4 1bs NaOH/ fi3
Volume of Regenerant 3L
Slow Rinse Flow Rate 0.08 - 0.17 L/min

) Slow Rinse Volume 2SL

Fast Rinse Flow Rate 0.38 L/min
Fast Rinse Volume 2L

Source: Arthur D. Little, Inc.
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The next rinse, the fast rinse, removed any remaining sulfuric acid. The fast rinse was
conducted using city water at a flow rate approximately equal to the wastewater
processing rate. The fast rinse was discharged to the dilute sulfuric acid tank T-5. When
the pH had stabilized at about 2, the fast rinse was stopped. The usual volume throughput
was 14 BV.

Neutralization

The discharge from the Sodium Hydroxide Pump (P-6) was connected to the top of the
column. The discharge from the column was directed to the spare tank T-8. The mixer in
the Sodium Hydroxide Tank (T-2) was turned on to agitate the sodium hydroxide
solution. The flow rate of NaOH was adjusted to 200 to 1,000 ml/min (the same as the
regeneration rate), and allowed to run until the pH rose to above 11. The neutralization
step was then stopped after approximately 2 BV were processed.

Rinse

The final rinse was essentially a repeat of the fast rinse conducted after the chemical
regeneration step but was intended to remove any remaining NaOH in the column. City
water was used at a flow rate approximately equal to the wastewater processing flow rate.
When the pH had stabilized at approximately 12, the rinse was stopped and the
regeneration sequence was complete. The required rinsewater volume for this step was
approximately 14 BV.

4.55.2 Anion Column Regeneration. The procedure followed for anion column
regeneration is outlined below.

Initial Rinse

The city water supply was connected to the top of the column and the discharge hose was
directed to the CN- sump. A city water rinse was conducted for approximately 20 minutes
to remove any residual process water in the column utilizing 10 BV.

Chemical Regeneration

The discharge from the Sodium Hydroxide Pump (P-6) was connected to the top of the
column and the discharge directed to the Sodium CN- Eluate Tank (T-7). The portable
mixer in the Sodium Hydroxide Tank (T-2) was turned on to agitate the contents of the
tank. The flow rate of the NaOH solution was adjusted to 200 to 1,000 ml/min. This rate
was a variable and was changed for several regeneration runs to determine the optimum
rate to achieve a sharp bell curve. The pH and volume throughput was monitored to
determine when the NaOH was breaking through the column. When the pH rose above
12, the sodium hydroxide pump was shut off. This occurred after processing
approximately 2 BV.
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Rinse

A slow rinse was conducted using city water. The flow rate was adjusted to
approximately the same flow rate as the sodium hydroxide regeneration step. The slow
rinse step displaced the sodium hydroxide within the column. The slow rinse was
discharged to the Sodium CN- Eluate Tank (T-7). After the pH had stabilized below 13,
the slow rinse was stopped. This required approximately 2 BV.

‘The next rinse, the fast rinse, removed any remaining sodium hydroxide. The fast rinse
was conducted using city water at a flow rate approximately equal to the wastewater
processing rate. The fast rinse was discharged to the Sodium CN- Eluate Tank (T-7).
When the pH had stabilized at about 12, the fast rinse was stopped and the regeneration
procedure was complete, usually after 7 1o 8 BV.

4.6 Sampling Procedures

The frequency with which sampling occurred, and the location where samples were
drawn is presented in Appendix A. The samples from the column effluent were primarily
taken using ISCO® samplers programmed to draw a sample once per hour. Not all of
these samples were submitted to the laboratory for analysis. Approximately every third
sample was submitted.

A sample was drawn from the feed tank T-1 for each new batch that was made up and
analyzed for a full cation and anion characterization. In addition, a daily sample was taken
to determine if the CN- concentration was decreasing.

Two sampling procedures were used during regeneration. The first procedure called for
sampling every 5 to 10 minutes while allowing the remainder of the flow to go to its
proper discharge point. This procedure was used to determine the volume and timing for
directing the eluate solution to the electrolytic recovery cell.

The second sampling procedure was utilized to develop material balances. In these runs,
all of the eluate volume was collected in a series of one-liter bottles. A representative
sample of these one-liter bottles was collected and analyzed for Cd2+ and CN-
concentration, and the time interval over which they were collected was recorded. This
allowed the percent Cd2+ and CN- recovery to be accurately calculated.

Samples were taken from the ERU overflow line to measure the reduction in Cd2+
concentration over time. During the CN- based run, additonal samples were taken to
determine if the electrolytic process enhanced the oxidative degradation of CN-.

To allow for the identification of the samples, each bottle was labeled after the sample had
been drawn. The labeling information included the date, sample number, and time when
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the sample was drawn. The sample numbers were assigned sequentially and sample
information was entered into the sampling log book.

Samples were periodically taken and analyzed with portable ISEs and Hach® kits. For
the cation columns, the ISE for cadmium detection could not be used because the Cd-CN
complex could not be measured with the probe. A Hach® kit was used to detect the level
of Cd2+ in the column discharge. Cyanide ISEs were also used for measuring the level of
CN- in the column effluent. The CN- probes were concentration-limited in that the
electrode would be consumed in concentrations in excess of 10 mg/l. Thus, any samples
above this concentration required dilutions. A Hach® kit was also used to measure CN-
and for sample verification. Photograph 4-4 shows the on-site analytical setup for the

program.
Both the CN- and Cd2+ Hach kits were colorimetric and required large dilutions (100 to

1000:1) to bring the sample into the correct colorimetric range. Because of these large
dilutions, the results of these kits were used for engineering control only.

In order to measure pH, pH probes were used. These probes worked well in all
applications.
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Photograph 4-4.  On-Sitc Analytical Setup for Cd2+ and CN- Analysis
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5.0 Pllot Test Resuits

5.1 Summary of Resuits

The objective of the Cd-CN wastewater treatment pilot test program was to determine
the feasibility of cation/anion exchange and electrolytic recovery for the treatment and
recycle of Cd and CN- from actual plating rinsewater. The optimum conditions for
operating the ion exchange system, observed during the laboratory phase of this study,
were utilized during the pilot test program to gather insight into resin capacity,
optimum regeneration conditions, process safety issues, process monitoring, emergency
procedures and the performance of on-line instrumentation. In addition, the pilot study
was more specifically focused on determining the ability of the cation/anion exchange
system to treat the plating rinsewater at NADEP North Island. To investigate the ion
exchange systems’ applicability to North Island, four different types of cadmium plating
rinsewater were processed, including:

»  City water with low concentrations of Cd2+ and CN-;

*  City water with high concentrations of Cd2+ and CN- (actual rinsewater);
* RO water with low concentrations of Cd2+ and CN-; and

¢ RO water treated by an electrolytic recovery unit.

Cadmium Resin Capacities. The cation exchange system proved to be technically
capable of breaking the Cd-CN complex and removing and concentrating Cd2+ from all
four of the plating rinsewaters. The Cd2+ resin capacities from pilot operations were
found to be similar to the results found in the laboratory ion exchange study; varying
from 75 meg/L for Run BC-2 (a city water run with low Cd2+ concentration and a high
cation concentration) to 630 meq/L for Run BC-9 (a RO water run with a low Cd2+
concentration and a very low ionic strength). The pilot testing also demonstrated the
same relationship between non-Cd2+ cation concentration and Cd2+ concentration and
Cd2+ resin capacity as observed in the laboratory study:

» Cd2+ resin capacity increases as the non-Cd2+ cation concentration of the solution
decreases (at a constant non-Cd2+ cation: Cd2+ molar ratio); and

e Cd2+ resin capacity increases as the molar ratio of non-Cd2+ cations:Cd decreases.

The capacity of the resin for Cd2+, as predicted by the laboratory results, was shown to
be affected by the cation concentration of the water being used in the plating rinse tank.
The city water at NADEP North Island contains high concentrations of dissolved solids
such as calcium, magnesium, and sodium which decreased the resin's capacity for Cd2+.
The results showed an average Cd2+ resin capacity of 150 meg/L for the city water runs
with low Cd2+ concentration; an average Cd2+ resin capacity of 430 meg/L for the city
water runs with a high Cd2+ concentration; an average Cd2+ resin capacity of 480




megq/L for the RO water runs; and a Cd2+ resin capacity of 410 meq/L for the
electrolytically reated dragout water.

The first set of city water runs, with a low Cd2+ concentration, had the lowest Cd2+
resin capacity because these runs on average had the highest cation concentration and
the highest cation:Cd molar ratio. The second set of city water runs, with a high Cd2+
concentration, had much higher Cd2+ resin capacity even though the cation
concentration remained constant because the cation:Cd molar ratio decreased from 60
to 30 (due to the higher Cd2+ concentration). The RO water runs had a slightly better
Cd2+ resin capacity than the second set of city water runs because the cation
concentration of the RO water runs was much lower than the city water runs; therefore,
the cation:Cd molar ratio was lowez, 25. The results of these three sets of runs supports
the general conclusion that the Cd2+ resin capacity increases as a function of the
decrease in the cation concentration and the cation:Cd molar ratio.

However in contrast to the two sets of city water runs and the RO water runs, the
electrolytically treated dragout water run did not correlate with the predicted results of
the laboratory model. The model predicted a Cd2+ resin capacity of 170 meg/L and the
actual pilot plant result was 410 meq/L. The reason for the differnence between the
predicted and actual results is unknown.

Cation Regeneration. The regeneration of the cation columns was performed at
several different flow rates over a range of 0.5 BV/hr to 5.0 BV/hr. The lower
regeneration flow rates resulted in a more concentrated cadmium sulfate (CdSQy4)
solution eluting from the column in a smaller number of bed volumes. For a flow rate
of 1.1 BV/hr and 2.2 BV/hr, the CdSO4 was collected between 1.5 and 2.5 bed
volumes. In addition, a flow rate of 2.2 BV/hr or less appeared to minimize leakage of
Cdz2+ from freshly regenerated polishing columns.

The apparent recovery during regeneration ranged from 67% to 157% but averaged at

nearly 100%. The concentrated portion of the regenerant stream was collected for

processing in an electrolytic recovery unit (ERU) to recover the Cd2+ as Cd metal. The -
average concentration of the eluate was approximately 1200 mg/L and included several

thousand mg/L of other cations, including Na+, Ca2+, and Mg2+.

The concentrated regenerant, CdSO4, was collected and processed through an ERU for

recovery of Cd metal. Approximately 97% of the cadmium was recovered from the

solution as Cd metal, however, the quality of the plate was poor. The quality of the

plate was affected by the high current density applied, the slow agitation rate, and the

extremely low pH of the solution. The calculated current efficiency was very low, 22%,

indicating that almost all of the current went to forming hydrogen gas. It is likely that {
the recovered cadmium could be reused in the plating tank (in the anode bags) or the

vacuum cadmium system if the quality of the plate were improved. To improve the [
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efficiency and quality of the plate, process conditions would need to be altered to raise
the pH and increase the agitation.

Cyanide Resin Capacities. The recovery and reuse of CN- from the plating
rinsewater using an anion exchange resin was not an efficient recovery technology and
was climinated from the full-scale design for two reasons:

* The high concentration of non-CN- anions (e.g., CO32-, SO42-, Cl- ) present in both
the city water and the plating solution had a strong negative impact on the CN-
resin capacity.

* The low affinity of the anion resin for CN- produced a breakthrough curve where
CN- quickly broke through the resin bed at the regulatory limit (within the first 20
bed volumes) and then slowly reached complete breakthrough.

Because of the high concentration of anions in the rinsewater, the OH-CN resin
capacity model developed in the laboratory study was invalidated and could not be used
to predict the actual CN- breakthrough. While the model was not able to predict the
actual CN- resin capacity, the results did show that as the concentration of cyanide
decreased the resin CN- capacity decreased as demonstrated in the laboratory study.
The anion columns had an average capacity of 140 meq/L. when using city water. The
capacity was slightly increased to an average of 190 meq/L. when utilizing RO water;
however, this is still only 15% of the manufacturer's estimate of total resin capacity.
The average CN- resin capacity for the electrolytically treated dragout water (RO D.O.)
was 450 meq/L. This higher capacity is auributed to the higher CN- solution
concentration, 180 mg/L. The total anion concentration:CN- ratio for these runs and the
RO water runs are identical, indicating that CN- solution concentration has more of an
effect on CN- resin capacity than does total anion concentration.

As mentioned above, the low affinity of the anion resin for CN- produced a
breakthrough curve where CN- quickly broke through the resin bed at the regulatory
limit and then slowly reached complete breakthrough. The swift breakthrough caused
the polishing column to also reach the regulatory breakthrough rapidly; therefore, the
anion columns were quickly out of compliance with the Federal Pretreatment Standards
for Metal Finishers (compliance limit of 1.2 mg/L Total Cyanide [TCN]) daily
maximum and 0.65 mg/L average monthly for existing systems10). The effluent from
the polishing column was unable to maintain this compliance level for more than a few
hours after being put on-line. In order to maintain compliance for even a complete day
the volume of anion resin would have to be increased by a factor of at least 10.

Anion Regeneration. Regeneration of the anion columns indicated poor recovery of
the CN-. Recovery of CN- ranged from 12 to 15%, and the concentration of CN- in the
solution was approximately 650 mg/L which is far below the plating bath concentration
of 25,000 to 30,000 mg/L. In addition, the anions (e.g., Cl-, CO32-, SO42-) which
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compete with the CN- for removal by the anion resin are also removed during
regeneration (some of which are considered contaminants to the plating bath). The CN-
was also noted to degrade in the feed tank of the ion exchange system into cyanates
(CNO) which are also plating bath contaminants. Thus the low concentration of CN-
and the presence of plating bath contaminants, make the reuse of the anion eluate in the
platng bath impossible without additional processing.

Because the CN- solution cannot be reused directly in the plating bath and the anion
columns are not reliable for maintaining compliance with the regulatory limits, the use
of ion exchange for the treatment of CN- was not included in the preliminary design.
Instead, conventional alkaline chlorination was the assumed method for treating the
CN- contaminated streams exiting the cation columns.

§2 Column Breakthrough and Resin Capaclty

Approximately 13 cation runs (Table 5-1) and 7 anion runs (Table 5-2) were conducted
to develop cation and anion breakthrough curves. Four types of wastewater were
processed through the columns to determine: their effect on Cd2+ and CN- resin
capacity; and the ability of the ion exchange system to meet regulatory limits for the
different rinsewaters that North Island might have to treat, including:

»  City water with a Cd2+ concentration of approximately 22 mg/l. and a CN-
concentration of 58 mg/L. These runs were conducted to demonstrate the ability of
the cation/anion exchange system to treat actual plating rinsewater based on the
operation of the rinse tanks prior to the installation of the pilot system;

*  City water with a Cd2+ concentration of approximately 76 mg/L and a CN-
concentration of 77 mg/L. These runs were conducted to demonstrate the ability of
the cation/anion exchange system to treat actual plating rinsewater based on the
operation of the rinse tanks after North Island reduced the volume of plating
rinsewater generated by holding the rinsewater longer in the rinse tanks. These runs
were not performed using the anion columns because of the low CN- resin
capacities and the short time to reach breakthrough at the regulatory limit observed
in earlier runs;

» Reverse osmosis (RO) water with a Cd2+ concentration of approximately 28 mg/L
and a CN- concentration of 48 mg/L.. These runs were conducted to demonstrate the
ability of the cation/anion exchange system to treat actual plating rinsewater if the
overall cation concenrration of the plating rinsewater were to be reduced by using
RO water instead of city water; and

* Electolytically treated dragout water with a Cd2+ concentration of approximately
50 mg/L and a CN- concentration of 180 mg/L. This run simulated the treatment of
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the plating rinsewater by an electrolytic recovery unit (ERU) followed by treatment
by ion exchange to remove the remaining Cd2+ and CN-.

Table 5-3 presents the characterization of the four plating rinsewaters processed
through the system. The city water has a higher concentration of cation and anion
species than the RO water. These additional ions compete with the Cd2+ and CN- ions
for removal on the resin, and affect the resin's capacity. The actual rinsewater had a
higher average Cd2+ and CN- concentration because during the pilot test program, the
plating rinsewater handling procedures were changed at the North Island facility to
eliminate discharges from the Cd2+ rinse tank to the IWTP. Because the plating
rinsewater was no longer discharged to the IWTP, the volume of rinsewater generated
by the facility was reduced by holding the water in the plating rinse tank for longer
periods of time. In some samples, the total anion and cation concentrations are not
equivalent. This is due to an additional anion or cation species which is present in the
water but was not analyzed for such as nitrate (NO3-) or potassium (K+)

Breakthrough curves were developed for both the cation and anion columns for these
four different rinsewaters to determine the capacity of the resin to remove either Cd2+
or CN-. These curves were developed by plotting the contaminant concentration in the
column effluent versus throughput volume (bed volume). When the concentration of
the material entering the column was equal to the concentration leaving, the column
was considered to have reached complete breakthrough. In some cases, complete
breakthrough never reached the inlet concentration, but was determined to occur when
the effluent had leveled off at a constant concentration (see Section 5.2.1.3, Operational
Difficulties). The breakthrough curves were also used to determine the regulatory
breakthrough, which was the point where the effluent contaminant concentration
exceeded the daily maximum regulatory limit.

Cyanide and cadmium resin capacities were calculated graphically from the area to the
left of the breakthrough curve bounded by the y axis, the breakthrough curve, and the
feed concentration. For those runs where complete breakthrough was not reached the
breakthrough curve was extrapolated to estimate the point at which complete
breakthrough would have occurred, to allow an estimated capacity to be calculated.

The complete breakthrough volume in BV's for the lead column is reported as the
volume of water processed through the column until the Cd2+ concentration in the
effluent reaches the feed concentration. The complete-breakthrough volume in BV's for
the polishing columns (BC-7, BC-9, and BC-13) is reported as equivalent BV's of feed.
The equivalent BVs of feed is a calculated value that is derived from the total mass of
Cd2+ removed by the resin on the polishing column. The mass of Cd2+ removed in
milligrams, as calculated by the previously described graphical method, is divided by
the average feed concentration (mg/L) resulting in the equivalent number of BV of
wastewater at the feed concentration that the polishing column processed. This
normalizes the complete breakthrough volume of the polishing columns, since for much
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of the time it is loaded gradually with Cd2+ from the effluent of the lead column;
whereas the lead column is loaded at the constant feed concentration.

Appendix B includes the breakthrough curves for each of the 13 Cd2+ breakthrough
runs except BC-1. The breakthrough curve for run BC-1 is not included because
insufficient samples were collected during this initial run to plot a breakthrough curve.
In addition, complete breakthrough was not reached for runs BC-3, BC-4, BC-5, and
BC-8 because the field data used to determine when breakthrough was occurring were
not accurate (see Section 5.2.1.3, Operational Problems); thus the columns were taken
off-line prematurely. These runs do, however, provide indications of leakage of Cd2+
from the polishing column and regulatory breakthrough. Runs BC-10 and BC-11 did
not reach full breakthrough because there was not a sufficient amount of water in T-1 t0
continue operation of the system.

$.2.1 Cation Column Results

Table 5-4 summarizes the cation runs conducted during the seven-week pilot plant
operation. The objective of conducting the runs with different types of plating
rinsewaters was to:

* Evaluate Cd2+ resin capacity at different Cd2+ and cation concentrations;

«  Evaluate the ability of the laboratory model to accurately predict Cd2+ resin
capacity,

e Evaluate the use of ion exchange to treat different types of actual plating rinsewater
generated from North Island plating operations;

o Evaluate the use of ion exchange for Cd2+ removal and recovery from dragout
solutions processed in an electrolytic recovery unit;

¢ Evaluate complianc. 'vith regulatory limits; and
* Identify both actual and potential operational problems.

$.2.1.1 Cadmium Resin Capacity. The Cd2+ resin capacities (Table 5-4) from pilot
test operations were found to be similar to the results found in the laboratory ion
exchange study; resin capacities varied from 75 meq/L for Run BC-2 (a city water run
with low Cd2+ concentration and a high cation concentration) to 630 meq/L for Run
BC-9 (a RO water run with a low Cd2+ concentration and a very low cation
concentration).

The Cd2+ resin capacities calculated in the pilot tests demonstrated the same

relationship between cation concentration and Cd2+ concentration to Cd2+ resin
capacity as observed in the laboratory study:
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e Cd?+ resin capacity increases as the non-Cd2+ cation concentration of the solution
decreases (at constant non-Cd2+ cation: Cd2?+ molar ratio); and

e (Cd2+ resin capacity increases as the non-Cd2+ cation:Cd2+ molar ratio decreases.

A model was developed using laboratory data to predict Cd2+ resin capacities from the
Cd2+ concentration and concentration of competing cation species (primarily Na+). The
highest capacities are achieved at high Cd2+ concentration and low non-Cd2+ cation
species concentration. These relationships can be seen by the correlation between the
observed and predicted Cd2+ resin capacities for each run as shown in Figure 5-1. The
model closely predicted resin capacities except Run BC-11 (treatment of the water
discharged from the ERU) where the observed Cd2+ resin capacity was 420 meq/L and
the predicted capacity was approximately 170 meq/L. Runs BC-9 and BC-13 also had
an actual Cd2+ resin capacity that was higher than the predicted value;however, the
reason for this difference is that the lead column in these two runs was initially loaded
as a polishing column, and the cation concentration from the lead column to the
polishing column is less than the cation concentration of feed solution which was used
to predict the actual Cd2+ resin capacity. Use of the cation concentration from the lead
column to develop the predicted value would have correlated better, but this value was
not available. Figure 5-2 shows the actual and predicted values for cation resin
capacities for each type of rinsewater treated. As demonstrated by the results shown in
Figure 5-2, minimizing the competing cation concentrations through the use of RO
treated rinsewater will provide the highest Cd2+ resin capacity.

As a result of the close correlation, the use of the Na-Cd equilibrium constant
calculated in the laboratory tests is a valid method for developing full-scale design
parameters for treatment of the rinsewaters from the Cd2+ plating operations.

Specifically for North Island’s plating operations, the ability to treat four types of
plating rinsewaters was investigated to determine what the actual Cd2+ resin capacity
for that wastewater would be and to evaluate the ability of the treatment system to meet
regulatory discharge criteria. The results for the Cd2+ resin capacity are presented
below and the ability to meet regulatory discharge criteria are presented in Section
5.2.1.2, Compliance with Regulatory Limits.

City Water with Low Cadmium Concentration. The first seven pilot test runs (Runs
BC-1 through BC-7) were based on analyses of the North Island Cd-CN plating
rinsewater tank taken during the design of the pilot plant which indicated a Cd2+
concentration of approximately 22 mg/L. To generate process rinsewater with this
concentration, a North Island plating solution was diluted 1:1000 to obtain an average:
Cd2+ concentration of 22 mg/L; CN- concentration of approximately 58 mg/L; and
cation concentration of 14 meg/L (cation:Cd molar ratio of 72). The results of the pilot
test runs showed an average Cd2+ resin capacity of 150 meq/L and an average complete
breakthrough volume of 360 bed volumes (BV).
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Figure 5-3 presents the Cd2+ breakthrough curves for Runs BC-6 and BC-7. The Cd2+
breakthrough curves for both runs leveled off prior to reaching the feed concentration
of Cd2+. This leveling off occurred in all the city water runs that reached complete
breakthrough; this phenomenom is discussed further in Section 5.2.1.3, Operational
Difficulties. The breakthrough curves for Runs BC-6 and BC-7 also demonstrate that
the polishing column has a higher Cd2+ resin capacity and complete breakthrough
volume than the lead column. The reason for this difference is caused by the fact that
the polishing column is initially loaded from the effluent of the lead column. The lead
column removes some of the cations and limits the cation concentration that the
polishing column must treat; thereby increasing the polishing column's Cd2+ resin
capacity and complete breakthrough volume, by lowering the cation: Cd molar ratio.

City Water with High Cadmium Concentration (actual rinsewater). During the pilot
test program, the plating rinsewater handling procedures were changed at the North
Island facility to eliminate discharges from the Cd2+ rinse tank to the IWTP. Because
the plating rinsewater could no longer be discharged to the IWTP, the volume of
rinsewater generated by the facility was reduced by holding the water in the plating
rinse tank for longer periods of time. This resulted in an average Cd2+ concentration of
76 mg/L, average CN- concentration of 77 mg/L, and average cation concentration of
18 meq/L (cation:Cd molar ratio of 30). To determine the ability of the ion exchange
system to treat the current actual conditions in the plating shop, runs BC-12 and BC-13
were conducted with plating rinsewater taken directly from the rinse tank. The results
of the pilot plant runs showed an average Cd2+ resin capacity of 430 meq/L and an
average complete-breakthrough volume of 390 BV. The Cd2+ resin capacity for this set
of runs was higher than for the other runs with city water due to the lower cation:Cd
molar ratio in this set of runs.

Figure 5-4 presents the Cd2+ breakthrough curves for runs BC-12 and BC-13. These
breakthrough curves had similar features to the other city water runs but they also
showed leakage of Cd2+ when the columns were put on-line. The leakage is believed to
have been caused by the high regeneration flow rate (2.7 BV/hr) and is discussed in
detail in Section 5.2.1.2, Compliance with Regulatory Criteria and in Section 5.3.1,
Cation Regeneration.

RO Water. Because of the high cation concentration of the city water and the resulting
low Cd2+ resin capacities, Runs BC-8 through BC-10 were conducted utilizing RO
water to dilute the plating solution. The resultant rinsewater had the following average
composition: Cd2+ concentration of approximately 24 mg/L; CN- concentration of
approximately 55 mg/L; and cation concentration of 6 meg/L (cation:Cd molar ratio of
25). The RO water was generated at North Island by taking city water and processing it
through an RO unit to remove a significant amount of the anion and cation species. The
RO treatment of the city water reduced the overall cation concentration by about one-
half. The results of the pilot testing with RO water showed an average Cd2+ resin
capacity of 480 meq/L and an average complete-breakthrough volume of 1400 BV. The
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Cd2+ resin capacity for this set of runs was higher than for the runs with city water and
a low Cd2+ concentration, due to the lower cation:Cd molar ratio in this set of runs.
With higher Cd2+ concentration, the Cd2+ resin capacity of the RO water runs was
almost identical to that of the city water runs because of the similar cation:Cd molar
ratio.

Figure 5-5 (Runs RC-8, RC-9, and RC-10) shows breakthrough curves for three runs
conducted in series, utilizing RO water to make up the plating rinsewater batch. The
complete-breakthrough volume was considerably larger than for the city water runs as
predicted by the laboratory model, due to the lower concentrations of competing cations
present in the water. In addition, the breakthrough reached the feed concentration for
Run BC-9, and Run BC-8 appears as though it would have also reached the feed
concentration. It should also be noted that Run BC-9 had Cd-+ leakage when it was put
on-line. Like the other runs where Cd2+ leakage is believed to have been observed, the
leakage was caused by the high sulfuric acid regeneration flow rate and is discussed in
detail in Section 5.2.1.2, Compliance with Regulatory Limits and in Section 5.3.1,
Cation Regeneration.

Electrolytically Treated Dragout Water. An additional set of test runs was conducted
to evaluate the ion exchange treatment of the discharge from an electrolytic recovery
unit (ERU). Plating solution was diluted with RO water to approximately 1000 mg/L
Cd2+ and 1800 mg/L CN-. The diluted plating solution was then processed through an
electrolytic recovery unit until the Cd2+ concentration was reduced to approximately
350 mg/L (Figure 5-6). The solution was then diluted with RO water in the feed tank
for processing through the ion exchange system (Run BC-11). The characterization of
the water showed an average Cd2+ concentration of approximately 50 mg/L, an
average CN- concentration of approximately 180 mg/L., and an average cation
concentration of 20 meq/L (cation:Cd molar ratio of 43). The results of the pilot plant
showed a Cd2+ resin capacity of 420 meq/L and a complete-breakthrough volume of
750 BV. The Cd2+ resin capacity for this set of runs was similar to that of the RO water
runs and to that of the city water runs with the high Cd2+ concentration; however, the.
laboratory model predicted a lower Cd2+ resin capacity than actually observed. The
reason for the difference between the observed and predicted values is unknown. Figure
5-7 presents the Cd2+ breakthrough curve for the electrolytically treated dragout water
run.

5.2.1.2 Compliance with Regulatory Limits. In determining if the cation exchange
system would be able to comply with regulatory limits, two discharges from the
columns were monitored:

¢ Leakage of Cd2+ from a newly regenerated column; and

* Regulatory breakthrough of the polishing column.
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The Federal Pretreatment Standards for Metal Finishers (Existing Sources) mandates a
cadmium compliance limit of 0.69 mg/L for a daily maximum and a 0.26 mg/L for an
average monthly concentration for total cadmium in the effluent from metal finishing
operations!0. The effluent from the cation polishing columns during pilot testing was
below this level for seven runs. However, cadmium leakage was observed in excess of
the daily maximum at the beginning of six runs. In the runs where Cd2+ leakage was
observed, two types of exceedances were noted:

1) The first sample taken from the column had a Cd2+ concentration above the daily
limit, but the samples thereafter had Cd2+ concentrations below the limit; and

2) The first sample taken from the column had a Cd2+ concentration above the daily
limit, and the concentration slowly declined over the next several samples.

The first type of leakage was probably a result of a deadleg in the piping of the pilot
system where water containing a high concentration of Cd2+ from the previous run or
the regeneration was retained and ultimately contaminated the first sample. The second
type of leakage occurred when the column was regenerated at a flow rate greater than
2.2 BV/hour. The leakage of Cd2+ at the higher regeneration flow rate was probably
caused by inefficient regeneration of the cation resin which left low levels of Cd2+on
the resin to slowly leak off when it was put back on-line. The slow leakage of
contaminants did not occur when a slower regeneration flow rate was used; therefore, a
flow rate slower than 2.2 BV/hr has been recommended for the full-scale design. In
addition to operating the regeneration at a lower flow rate, the full-scale design requires
that the first 10 bed volumes of effluent from a new column be recycled back to the
feed tank to ensure that the regulatory limits will not temporarily be exceeded due to
contaminated water retained in the columnn.

Review of the Cd>+ resin capacities and the regulatory breakthrough of Cd2+ in the
polishing column (the point where the cadmium concentration in the effluent of the
polishing column exceeds the regulatory discharge limit) for both the city water and the
RO water provided the necessary information to determine how each cation system
would have to be operated for each type of plating rinsewater in order to comply with
regulatory limits. Control of the cation system when processing city water can be
accomplished by monitoring the effluent from the lead column for Cd2+. The effluent
from the polishing column remains in compliance even when the lead column has
reached full breakthrough. Therefore, complete breakthrough of the lead column
‘indicates when the lead column should be taken off-line to be regenerated and the
polishing column should be moved to the lead column position. A fresh polishing
column would then be put on-line to ensure compliance. This type of control is
desirable in that it provides a sufficient backup to ensure that the regulatory limit in the
effluent discharge is continuously met in the event the lead column has broken through
and the analytical results of the lead column effluent samples have been delayed.
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Therefore, the three column arrangement (two columns on-line while one is being
regenerated) is satisfactory when processing the city water.

While the volume of RO rinsewater which can be treated before the regulatory limit is
exceeded is greater than with city water, the effluent from the polishing column
exceeds the compliance limit before the lead column reaches full breakthrough. Thus,
the Cd2+ concentration in the effluent from the polishing column becomes the control
point when two columns in series are used. This does not provide a backup in the event
the effluent Cd2+ concentration begins to rise above the compliance limit while the
effluent sample is being analyzed. If the treated rinsewater is recycled, this slight rise in
Cd2+ concentration will not cause a violation, however, the system will require careful
monitoring. One way to ensure compliance is to utilize a four column arrangement with
one lead column and two polishing columns, and one off-line being regenerated. The
control point becomes the effluent from the first polishing column. When the first
polishing column reaches the regulatory breakthrough, the lead column is taken off-line
(for regeneration) and a fresh final polishing column is put on-line. This results in a
more complicated piping system and an increase in the capital and operating costs of
approximately 20%.

5.2.1.3 Operational Difficulties.
On-Site Breakthrough Monitoring of Cadmium. Three different analytical methods
were used for measuring Cd2+ in the effluent of the cation columns during the pilot

program, including:

* The use of a cadmium-specific ion electrode;

e Free CN- correlation with Cd-CN complex using the cyanide Hach® kit; and
*  Analysis for Cd2+ using the cadmium Hach® kit.

The cadmium-specific ion electrode did not provide any measurement of the Cd2+

concentration in the effluent because it could not detect the Cd2+ that was complexed :
with CN-. The second method involved the measurement of the free CN- concentration

from the cation column effluent. This method is based on the dissociation of the Cd-CN

complex by the resin. The free CN- concentration in the effluent will be higher when

Cd2+ is not present, but will decrease as Cd2+ concentration increases in the effluent,

due to binding of free CN- with Cd2+. This method was not sensitive enough to

determine the change in free CN- concentration as breakthrough began and therefore

gave an inaccurate indication of Cd2+ breakthrough.

The third method was the most successful, and involved the use of a cadmium test kit
by Hach® which utilized chemical reagents that react with the Cd2+ causing a color
change which could be measured by a colorimeter. The method was successful, but not
completely reliable. Some errors were encountered due to the sensitivity of the test
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method which ranged from 1 to 70 pg/L, and thus required large and accurate dilutions
for each sample. The high sensitivity of the test procedure required that all glassware
used for the test be washed with an acid solution to prevent cross-contamination from
previous samples. The combination of high sensitivity, acid cleaning requirements, and
the available facilities at the pilot plant for cleaning glassware promoted errors and
thus did not always provide an accurate indication of breakthrough. In addition to the
sensitivity of the test, the method required the use of several chemical reagents which
are considered hazardous, including: chloroform, cyanide, and dithizone. These
hazardous reagents require careful handling and proper disposal.

Because of the difficulties monitoring for Cd2+ in the effluent from the cation columns,
some runs were inadvertently stopped before complete breakthrough; however, a
greater concern is the selection of an analytical method for use in a full-scale system to
ensure that the ion exchange treatment system effluent is in compliance with discharge
regulations. Based on the results of the pilot tests, the cadmium test kit Hach® is the
best method for on-site analysis although a hood and adequate analytical glassware
would have to be supplied if the method were used to monitor a full-scale system. The
recommended method for monitoring, however, would be an arrangement with an
analytical laboratory on the base or with a laboratory close by to perform the effluent
analyses quickly (24-hour turnaround) utilizing either atomic absorption (AA) or an
iductively coupled plasma (ICP) spectrometer (as was used to develop the
breakthrough curves for this pilot test program).

Flow to the lon Exchange System. During the operation of the pilot system, the flow
rate from the feed tank to the ion exchange system fluctuated due to (1) buildup of
suspended solids in the feed filter, (2) varying pressure drops depending upon the
column configuration, and (3) varying levels of water in the feed tank (T-1). Constant
attention and adjustment was required to maintain a constant flow rate, and when the
system was left unattended during the night, the flow rate often decreased significantly.
To account for the variation in the flow rate, the rate was set higher at night to
compensate for the anticipated gradual decrease.

The fluctuation in the flow rate made it difficult to control the actual flow rate during
any given run. Therefore, an average flow rate was calculated for each column by
dividing the quantity of wastewater processed through the column by the length of time
the column was on-line. It is important to note, however, that columns that were on-line
together during a portion of a run may have different average flow rates since each
column was not on-line for the same length of time and processed different amounts of
water.

An additional concern, related to the flow rate to the ion exchange system, is the

amount of suspended solids in the feed and the number of filter cartridges that would be
needed during continuous operation. During the runs with city water, the filters were
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changed every 125 to 250 gallons of throughput or when the upstream pressure
reached 5 to 6 psig. The RO water runs used significantly fewer filters because the
concentration of solids in the water was lower. During these runs, the filters were
changed every 800 gallons throughput or when the upstream pressure reached S to 6

PSig.

Leveling Off of Cadmium Breakthrough. During the runs which utilized city water,
the concentration of Cd2+ in the effluent of the lead column steadily rose until it leveled
off. The concentration at which Cd2+ leveled off, however, was approximately 33%
lower than the feed concentration. This is shown in Figure 5-3 which illustrates
columns C-1 and C-2 operating in series (Runs BC-6 and BC-7). The leveling off of the
Cd2+ breakthrough was found to be a common occurrence for all runs utilizing city
water including runs BC-12 and BC-13 which utilized actual plating rinsewater. The
concentration leveled off at 20 to 30 mg/L below the feed concentration for BC-12 and
BC-13 which was approximately 33% lower than the feed concentration. Figure 5-4
illustrates runs BC-12 and BC-13 (columns C-1 and C-2 in series).

To determine whether or not there was a cadmium precipitate being removed in the
process filter ahead of the process pump which would account for the low breakthrough
concentrations, both total and dissolved Cd2+ were analyzed for in the feed tank T-1
during the city water runs. Table 5-3 shows that the dissolved and total Cd2+
concentrations are identical and therefore, the filter could not have caused the low
breakthrough concentrations. The conclusion can be drawn that the ion exchange
columns removed the portion of Cd2+ after the effluent concentration had leveled off.

The removal of this portion of the Cd2+ by the columns is further supported by the Cd2+
recovery data developed from the regeneration curves and discussed in Section 5.3.1 of
this report. When only the Cd2+ loading based on the breakthrough concentration was
taken into account, the percent recovery from regeneration was much greater than
100%. However, when the entire Cd2+ loading (based on the feed concentration) was
taken into account, the recoveries approached 100%.

The cause of the lower Cd2+ concentrations in the effluent stream at breakthrough is
unknown; however, the cause could be either an interference with the analytical method
or a removal mechanism other than on the ion exchange resin active sites. It is
postulated that the Cd2+ may be reacting with the residual NaOH left in the column
from the regeneration phase, forming an insoluble species such as cadmium hydroxide
[Cd(OH;)] or cadmium carbonate (CdCO3). This cannot be substantiated, however,
since the same phenomenon is not exhibited in the RO water runs where the pH and
COs2- is even higher.
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5.2.2 Anion Column Results

Table 5-5 summarized the seven anion exchange runs conducted during the seven-week
pilot plant operation. The objectives of conducting numerous runs at varying conditions
were as follows:

* Evaluate CN- resin capacity at different CN- and anion concentrations;

* Evaluate the ability of the laboratory model to accurately predict CN- resin
capacity;

* Evaluate the potential for CN- recovery and reuse;

* Evaluate the use of ion exchange for CN- removal and recovery from dragout
solutions processed in an electrolytic recovery unit;

» Evaluate compliance with regulatory limits; and
* Identify both actual and potential operational problems.

5.2.2.1 Cyanide Resin Capacity. Because of the high concentration of other anions
in the rinsewater, the OH-CN:- resin capacity model developed in the laboratory study
was not valid and could not be used to predict the actual CN- breakthrough. While the
model was not able to predict the actual CN- resin capacity, the results did show that as
the cyanide concenration decreased, the resin capacity decreased, as demonstrated in
the laboratory study.

The pilot test also demonstrated that the high concentration of other anions coupled
with a low affinity of the anion resin for CN- produced a breakthrough curve where CN-
quickly broke through the resin bed at the regulatory limit and then slowly reached the
complete breakthrough. The swift breakthrough caused the polishing column to also
reach the regulatory breakthrough rapidly, usually within 20 to 30 bed volumes;
therefore, the anion columns were quickly out of compliance with the Federal
Pretreatment Standards for Metal Finishers (compliance limit of 1.2 mg/L Total
Cyanide [TCN] daily maximum and 0.65 mg/L average monthly!10). The effluent from
the polishing column was unable to maintain this compliance level for more than a few
hours after being put on-line. In order to maintain compliance for even a complete day
the volume of anion resin would have to be increased by a factor of at least 10.

City Water with a low CN- Concentration. The first three pilot plant runs were based
on analyses of the North Island Cd-CN plating rinsewater tank taken during the design
of the pilot plant which indicated a CN- concentration of approximately 58 mg/L. To
generate process rinsewater with this concentration, plating solution was diluted 1:1000
with city water to obtain an average CN- concentration of 58 mg/L, an average
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Cd2+ concentration of approximately 22 mg/L, and an average anion concentration of
14 meg/L.. The average CN- resin capacity for the city water runs was approximately
140 meq/L and had a complete-breakthrough volume of 130 BV; however, in the runs
where a breakthrough curve was developed, the first sample from the column exceeded
the daily regulatory limits (CN- concentration of 1.2 mg/L). This quick regulatory
breakthrough (an average of 12 BV) significantly limits the ability to use the anion
exchange system to treat the plating rinsewater and comply with the regulatory limit.
Figure 5-8 presents the breakthrough curve for Run BA-3.

RO Water. Because of the high anion concentration of the city water and the resulting
low CN:- resin capacities, runs BA-4 and BA-5 were conducted utilizing RO water to
dilute the plating solution to an average CN- concentration of approximately 48 mg/L.,
an average Cd2+ concentration of approximately 28 mg/L, and an average anion
concentration of 6 meg/L. The RO water was generated at North Island by taking city
water and processing it through an RO unit to remove a significant amounts of the
anion and cation species. The treatment of the city water halved the anion
concentration. The results of the pilot plant runs with RO water showed an average CN-
resin capacity of 190 meg/L and an average complete-breakthrough volume of 190 BV.
The CN- resin capacity for this set of runs was higher than for the runs with city water
and a low CN- concentration due to the lower anion concentration in this set of runs.
However, even with the lower anion concentration, the first sample from the column
exceeded the regulatory limit (CN- concentration of 1.2 mg/L).

Figure 5-9 presents a breakthrough curve for Run BA-4 using RO water. The gradual
reduction in CN- concentration in the feed is attributed to CN- oxidation and
degradation throughout the system. This is further supported by the data collected from
T-1 which show that the initial CN- concentration is always the highest and that day by
day it steadily declines. The concentration of CNO- was also monitored in T-1 and was
found to increase from 1 mg/L to 2-3 mg/L. Because of the low concentration of CNO-
in the feed, it does not appear that CNO- significanily affects the anion resin loading.

The other RO water run, BA-S, exhibited a two-step breakthrough curve. The second
step, however, occurred after the system was required to shut down for the weekend.
The jump in cyanide concentration after the weekend shutdown could be due to the
cyanide reaching equilibrium with the solution in the column and exchanging for the
other ions in solution.

Electrolytically Treated Dragout Water. An additional set of runs was conducted to
evaluate the ion exchange treatment of the discharge from an electrolytic recovery unit
(ERU). Plating solution was diluted with RO water to approximately 1000 mg/L Cd2+
and 1800 mg/L. CN-. The diluted plating solution was then processed through an ERU
until the Cd2+ concentration was reduced to approximately 350 mg/L (Figure 5-6). The
solution was then diluted with RO water in the feed tank for processing through the ion
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exchange system (Runs BA-6 and BA-7). The characterization of the water showed an
average CN- concentration of approximately 180 mg/L., an average Cd2+ concentration
of approximately SO mg/L, and an average anion concentration of 27 meg/L. The
results of the pilot plant showed a CN- resin capacity of 450 meg/L and an average
complete-breakthrough volume of 140 BV. The results of these runs demonstrated a
significantly better CN- resin capacity than was observed in cither the city water or RO
water runs. The reason for this is the large increase in the CN- concentration in the feed
stream. (In addition, the capacity increase could have been affected by the Cd-CN
complex in the effluent of the cation column which has a higher affinity for the anion
resin than does free CN-. Some Cd-CN leakage did occur during these runs because no
cation polish column was on-line.) However, even with the higher CN- re<in capacities,
the CN- concentration in the effluent reached the regulatory limit within the first few
bed volumes.

As shown in Figure 5-10, not only is CN- breaking through the column, but also sulfate
(S0O42-), cyanate (CNO-), carbonate (CO32-), and chloride (Cl-) ions. The concentrations
of these species gradually rises and then breaks through, indicating that all are being
removed by the resin.

5.2.2.2 Compllance with Regulatory Limits. The Federal Pretreatment Standards for
Metal Finishers for Existing Facilities indicate a total cyanide daily maximum of 1.2
mg/L for cyanide and an monthly average of 0.65 mg/L. This discharge limit would be
difficult to maintain with the ion exchange system since CN- concentration reached the
regulatory limit in the effluent in the first few bed volumes. Compliance with the dally
maximum limit was only observed in the effluent of the polishing column for
approximately eight hours (30 bed volumes) at a flow rate of 300 ml/min in the effluent
from the polishing column, after which the concentration rose above the compliance
limit.

5.2.2.3 Monitoring Cyanide Breakthrough. For monitoring the CN- breakthrough of
the anion columns, both a cyanide Hach® test kit and a cyanide-specific ion electrode
were used. Both test methods were adequate but required accurate dilutions to bring the
solution concentrations within the operating range of the test method. The Hach® kit
worked well, but each sample required 30 minutes to fully develop its color before
examination in the colorimeter. This limited the number of samples which could be
analyzed by one operator. The CN- electrode provided a quick reading, but extra care
had to be taken not to expose the electrode to a concentrated CN- solution, because the
strong CN- would degrade the electrode.
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5.3 lon Exchange Column Regeneration

§.3.1 Cation Regeneration Results
Regenerations were performed at varying acid and rinse flow rates to determine:

* The shape of the CdSO4 elution curve;
¢ Percent recovery of Cd2+; and
* Acid and rinsewater requirements.

5.3.1.1 Cadmium Sulfate Elution Curve. Table 5-6 summarizes the results of the
cation regeneration runs RC-1 through RC-9 which were conducted to determine the
effect of the acid flow rate on the shape of the CdSO4 elution curve. The starting point
is defined as the BV of total throughput at which the Cd2+ concentration reaches 500
mg/L, and the end point is the point where the concentration falls below 500 mg/L.
Both the starting and ending poi..ts were determined graphically from the regeneration
curves.

During these first nine regenerations, samples of the column effluent were taken every
5 to 10 minutes resulting in a chromatographic type curve (elution curve) indicating
when the majority of the Cd2+ was recovered. Knowing the dimensions of the elution
curve allowed for the collection of the most concentrated portion of the eluate for
processing in the ERU. These curves indicated that the lower regeneration flow rates
resulted in a slightly narrower Cd2+ elution curve, but was generally between 1.5 to 3.0
BV of 1w1al throughput (both acid and slow rinse). These recovery peaks were not used
to calculate cadmium recovery because of the errors introduced by the high weighing of
the peak concentration and the potential for missing the peak concentration within the 5
© 10- minute intervals. Appendix B includes the regeneration curves except for
Regenerations RC-1 and RC-2. The data collected for these two runs was insufficient to
plot the curves. Figure 5-11 is a typical regeneration curve generated using this

procedure.

§3.1.2 Cadmium Recovery. Table 5-7 summarizes the results of Regenerations RC-
10 through RC-17 which provided information on Cd2+ recovery. These curves were
generated using a different sampling method in which all of the eluate was collected in
sequenced one-liter bottles. This method of sampling provided for accurate accounting
of all Cd2+ removed from the column, allowing a mass balance to be calculated. The
sum of the Cd2+ concentration in each one-liter bottle (reported in mg/L) represents the
total mg of Cd2+ recovered. The total amount of Cd2+ recovered during regeneration
was compared with the amount loaded onto the column (which was calculated from the
breakthrough curve - Section 5.2.1.1).

NCELFinRpLETI81 480 5-32




"ou) ‘o[ @ INYUY :8INog

r x4 ol Yl S0 ol ¢ 8-08/8-089 c&/LL/9 -0 6-O4d
| X4 9 94 ce (1] F A4 4-08/5-08 ce/8lL/s c0 8-04
¢t gl S [y} (1] 8 2e 1-08/5-089 cemi/s €0 -0"
re 9l Al Vi (1]} r x4 9-08/v-08 c6SL/S -0 9-04
S Sl 0¢e oy (1]} ¢l §-08/€-08 ce/oLY €0 S-OH
- - €e 03 ot el $-08/2-08 ce/9oLY ¢ -0
] 4 €C oS (4]} 'l $-08/2-08 26/9L/y -0 €04
- - £e oy (4] FAl ¢-08/1-08 ca/EV/Y ¢0 e-0d
- - ¢t oy ot ¢-08/1-048 ce/L Y 1-OH
ney % uny
moid pv | Ueboy

oA WP "oy




"ndybnosy)
10 SewnjoA peq ¢ pue
S| USOMIB] PaIaA0Das WINNLPE]

sunsey

VN - (B) Buipeo po
22- (N Aguone)
uofleNydeds uwNiod

¥€- (1) POSZH %01 18104,

1'L - (ag) ey Moy

04 - (%) voRINIBIUC) PIY
UONIZLINDRISY) Iusseualioy

Aswwung uny

"ou} ‘i) "0 IUY 182IN0g

-

(syun prepuers) Hd
()

000} 00'8 00'9 oo’y a0 a0'c

(sewnioA peg) indybnoayy usieuefiey

[~ ]
g §
(y/Bu2) uoneNUEOUOD WNLPED

288

< 00001

S1/S (£-04 uny) uopieieuebey -9 uwnio) :i1- einbid4

534

NCELFinRpLE7981 453




$35

"3U) ‘O '@ YUY (600

|| cunwedo

29 v 9 v 72 ot Tz penwoNcioa  ceRal 20 104
904 s IS v Le o Zz pesnwnzioa|  zereL ) 91-04
il o s 6l Le o zz | ezi-owii-08 26529 -0 Si-04
- €S - 't Le o 2z pesnonoiogl  zevem €0 1-04
) " s6 s T2 ot zz | c1-08%6-08
091 1 or st z2 o ze +1-08/8-00
- €l - ze ze o zz | or-omzo8
& " > : . 6-08/.-08
[ L L T F 0 [axeNzaoual|

Keacony ..-Jho.c 2“3 , o8 Uny

SUWNJOD UOJIBD 10} SeHEA0IeY UoRBIeueBaY JO ABwwng :2-G 8jqe)L

NCELFnRpLS 790 1 40




The percent recovery indicated in Table 5-7 is satisfactory for most runs, between 73
to 112. Regeneration RC-12, which corresponds to Breakthrough Run BC-8, has an
unexplained recovery of 160. The error is attributed to the graphical method of
calculating Cd2+ loading onto the column. As described in Section 5.2.1.3, Operational
Difficulties, the recoveries calculated for the city water runs take into account the Cd2+
loaded onto the column at the feed concentration and not the level where the effluent
concentration leveled off. If this Cd2+ loading were not accounted for, the error in
recovery would be very high. The elution curves for Runs RC-10 through RC-17 are
presented in Appendix B. Figure 5-12 is a typical regeneration curve using the
previously described sampling procedure.

The cations that are removed from the city water along with the Cd2+ are also present in
the eluate, as shown in Table 5-8. These additional cations will not interfere with the
recovery of the Cd via electrolytic recovery; Cd is the only metal which will be reduced
to its metallic state during the process and will therefore be recovered selectively. In
order to reuse the acid, a bleed stream would be required to maintain the acid
concentration and to maintain the salt concentration and to keep it from interfering with
subsequent regenerations.

5.3.1.3 Acid and Water Requirements. Sulfuric acid and rinsewater requirements
were also derived from the regeneration runs. The results indicate that regeneration
requires 1.4 to 1.8 BV of 10% sulfuric acid, which is within the manufacturer's
recommended 0.9 to 1.8 BV of 10% acid. Slow rinsewater requirements averaged 3
BV followed by 14 BV in the fast rinse. The NaOH requirement is approximately 2 BV
of a 5% solution, which is slightly more than the manufacturer's recommendation of -~
1.1 BV. The final fast rinse required approximately 14 BV of water.

5.3.2 Anlon Regeneration Results
Regenerations were performed at varying sodium hydroxide and rinse flow rates to
determine:

e The shape of NaCN elution curve;

« Percent recovery of CN-; and

e Water/rinsewater requirements.

5.3.2.1 Sodium Cyanide Elution Curve. Table 5-9 summarizes the results of the
Regenerations RA-1 through RA-5 which were used to determine the shape of the
NaCN elution curve. The starting point is defined as the throughput at which the CN-
rises above 100 mg/L and the end point when the concentration drops below 100 mg/L.

During these regenerations, samples of the column effluent were taken every S to 10
minutes resulting in a chromatographic type curve. This procedure indicated that the
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Table 5-8: Typical Cation Column Regeneration

(C-3, Regeneration Run Rc-3, City Water)

290
3.40
4.40
5.40
7.40
9.40
11.40
13.40
15.40

5800
6400
3700

340

19
14

11

1500

1700

930

700

600

400

Source: Arthur D. Little, Inc.
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majority of the CN- is recovered in 1.0 to 2.5 BV of total throughput volume (NaOH
solution and slow rinse). Figure 5-13 is a typical regeneration curve generated from
samples taken every 5 to 10 minutes. Appendix C includes the regeneration curves for
RA-1, RA-4, and RA-5. Runs RA-2 and RA-3 are not presented because insufficient
data were obtained to develop a curve.

5.3.22 Cyanide Recovery. Table 5-10 summarizes the results of the anion
regeneration runs RA-6 through RA-10. All of the regenerant was collected in
sequenced one-liter bottles. This procedure provided an accurate accounting of all the
CN- removed from the column enabling a mass balance to be calculated. The total
amount of CN- recovered was compared with the amount loaded onto the column
which was calculated from the breakthrough curve (Section 5.2.2).

The recovery indicated in Table 5-10 is below 15% for all runs. This is attributed to the
low affinity of the anion resin for CN- which allows the bound CN- to be removed from
the resin during operation and during rinsing of the resin before regeneration. Another
problem could be in the analysis of these high concentrations of CN- which is known to
be difficult because of the need for large dilutions. Regeneration curves for runs RA-6
through RA-10 are presented in Appendix C. Figure 5-14 illustrates a typical
regeneration curve using this sampling procedure.

The anions that are removed from the wastewater along with the CN- are also present
in the eluate as shown in Table 5-11. These additional anion species cannot be removed
from the eluate. If the eluate is recycled to the plating bath, the other anion species will
also be returned to the plating bath. The estimated eluate solution concentration would
be approximately 460 mg/L of CN-, 620 mg/L SO42-, 640 mg/L Cl-, and 80 mg/L of
CNO-. Because the plating bath normally has CN- concentrations of 25,000 to 30,000
mg/L, the addition of the CN- eluate would greatly reduce the concentration of CN- in
the plating bath, and the recycle of the eluate contaminants to the plating would result
in an unsatisfactory plating bath chemistry. Because of the low concentration of CN-
and the contaminants in the eluate, the CN- eluate stream is not recommended for
recycle to the plating bath.

5.4 Electrolytic Recovery of Cadmium

Electrolytic recovery is used to plate a metal from solution to its metallic state on a
cathode. This technology can be utilized to recover metals from solution for reuse in the
original plating process. The objectives in conducting the electrolytic recovery runs was
to evaluate the efficiency of Cd metal recovery from the sulfuric acid eluate from the
cation exchange columns.

NCELFinRpLE7081.480 5-40
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Tabie 5-11: Typical Anion Column Regeneration
(A-1, Regeneration Run RA-8, City Water)

1 98 124

2 555 556 728 52
3 795 769 1060 215
4 1182 1772 1080 129
5 604 1566 1050 136
6 402 282 905 70
7 n 3 125 13
8 30 10 3 6

Source: Arnthur D. Little, Inc.




To recover Cd metal from the sulfuric acid eluate, a 1.5-gallon capacity unit was set up
with a peristaltic recirculating pump. The approximate cathode area is 1 square foot.
The pump suction was taken from the concentrated CdSQ4 Tank T-4 and discharged
into the ERU. The ERU overflow was piped back into T-4. The system was operated in
a batch mode and only when supervised. Approximately ten gallons of eluate solution
was required to fill the ERU and its associated piping while still providing sufficient
reservoir for the pump to draw on. Several regenerations of the cation columns were
performed before enough solution was collected. Because of the large number of runs
needed to collect a sufficient volume of eluate to operate the ERU, only one ERU run
was conducted.

Figure 5-15 is a plot of the Cd2+ concentration vs. time for the ERU run using
concentrated cation resin eluate. The plot indicates a 72% removal of Cd2+ in the first 8
hours, followed by an asymptotic curve for the removal of the remainder. A total of
97% of the Cd was recovered from the concentrated solution as metallic Cd for
potential recycle back to the plating operation.

During the operation of the unit, hydrogen bubbling was evident at the ERU’s cathode
indicating that the current was set too high, above the limiting current (I). Hydrogen
gas evolution was further enhanced by the extremely high concentration of H30+* ions
(low pH, approximately 0) in the solution. The high concentration of H30+ ions
compared to Cd2+ ions favored hydrogen evolution. The bubbling of hydrogen affects
the quality of the Cd metal plate by hindering the ability of the Cd metal to coat the
cathode evenly. As a result the Cd metal that plated onto the cathodes was very dark
and powdery. Consequently, it is the desirable in the operation of the ERU to minimize
the amount of hydrogen generated.

An estimate of the limiting current (I) was made assuming that the boundary layer
thickness was approximately 5 mm. The resulting I; was calculated to be 0.03A (3.4 x
10-5 A/cm2). The current applied to the system was 2.5 A (2.7 x 10-3 A/cm?), which is
about eight times the I. It is desired to operate the system below Iy ; this can be
accomplished by operating at lower current densities, or by altering the process
parameters to increase IL.. The calculated current efficiency, based on the removal of
58.6 g of Cd2+ metal and Faraday's law was 22%. Most of the current thus went to
forming hydrogen gas.

The sulfuric acid solution remaining after electrolytic recovery processing contained
approximately 65 mg/L of Cd2+ The pH was still below 0, and the concentrations of
Na+ and Ca2+ ions were high estimated to be 15,000 mg/L. and 9000 mg/L., respectively.
The high levels of these ions make the reuse of this solution as a regenerant
unacceptable unless a 10% bleed stream is taken and replaced with fresh acid. In
contrast, if the 10% sulfuric acid solution were made up with RO water, a 5% bleed
stream would be adequate for controlling salt build-up. The recovered sulfuric acid

NCELFinRoLETEE 1 483 5-45
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from the ERU was not used in an actual regeneration during the pilot test program, as
the solution was inadvertently transferred from the holding tank by North Island

personnel for disposal.

The ERU test results indicate that electrolytic recovery is a viable option for recovering
the Cd2+ as Cd metal from cation eluate solutions. A number of modifications,
however, can be made to improve the efficiency of the process and the quality of the
deposit. These include: increasing the agitation rate to decrease the boundary layer
thickness and increase I1; increasing the pH to 3-4 to minimize hydrogen formation;
lowering the current density; increasing the surface area; and additing certain organic
compounds to improve the quality of the deposit. However, if it is desired to reuse the
acid solution for additional cation column regenerations and the pH is raised for better
electrolytic recovery, additional fresh acid would then have to be added to lower the pH
to meet specifications for regenerant solution.

The ERU test results indicate that the use of electrolytic recovery to recover Cd metal
from cation resin eluate solutions is viable. Certain process parameters can be varied to

optimize the quality of the Cd deposit, to enable the recovered Cd to be recycled back
to the plating process.
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6.0 Full-Scale System Design

In preparing the design for the full-scale ion exchange system and subsequently
developing capital and operating costs, we used the plating operations at the Naval
Aviation Depot (NADEP) in North Island, CA, as the design basis (Table 6-1).

Based on the results of the pilot test program as outlined in Chapter 5.0 of this report, it
was assumed that the recovered Cd metal could either be reused in the electroplating
process or sold to an outside vendor for the full-scale design. It was also assumed that
the recovered CN- could not be reused, in fact, it was assumed that anion exchange
would not be utilized at all for the treatment of CN- in the rinsewaters; rather, the
rinsewater containing CN- would be treated by alkaline chlorination at the existing IWTP.

As the results of the pilot test program show, ion exchange, coupled with electrolytic
recovery can be applied to treat rinsewater and in conjunction with a point source
treatment such as electrolytic recovery. We have developed two treatment options, either
of which can be applied to treat Cd-CN rinsewater or electrolytically treated rinsewater. A
detailed description of the operation of each system along with its advantages and
disadvantages is provided below.

6.1 Cd-CN Rinsewater Treatment System Description

The Cd-CN rinsewater treatment system includes cation exchange for the removal of
Cd2+ from the rinsewater, followed by conventional alkahine chlorination for treatment of
cyanide at the existing IWTP. This system uses the heavy metal selective cation
exchange resin to break the Cd-CN complex and retain the Cd2+ on the cation resin,
where it is later recovered in a sulfuric acid eluate stream. After the removal of the Cd2+,
the CN- is either concentrated by a reverse osmosis (RO) unit and destroyed in the IWTP
alkaline chlorination system, or sent directly to the alkaline chlorination system. The
treated rinsewater is then either discharged to the IWTP, or recycled back to the rinse
tank.

The acid eluate from the cation columns has a Cd2+ concentration of 0.1 to0 0.2%, and is
recovered from the cluate in an electrolytic recovery unit. The Cd2+ is plated out of the
solution, and the H2SO4 is reused in the next regeneration step. Approximately 10% of
the recovered HSOj is assumed discarded to the IWTP to prevent build up of dissolved
solids that may reduce the regeneration efficiency. The size of this bleed stream may
require alteration based on operational experience and is dependent upon the level of
dissolved solids which can be tolerated in the ERU. The amount of dissolved solids
entering the system would have to be purged from the system in the bleed stream in order
to maintain a constant concentration.

fimech mt.67981.NCEL11 083 6-1




Table 6-1: Rinsewater Characterization for NADEP North island

Design Throughput 1000 gal/day
Plant Operation Basis 24 hr/day (2 hours for switching and reserve
capacity)
7 days/week
52 weeks/year
Rinsewater Composition®
Constituent With RO Treatment Without RO Treatment
Cd 30 mgN 30 mg/t
10 eq/day 10 eq/day
CN 75 mg/ 75 mgN
54.5 eq/day 54.5 eq/day
Na 175 mg/ 225 mg
144 eq/day 185.1 eq/day
Ca ND 70 mg/
0 eq/day 66.2 eq/day
Mg ND 30 mgA
0 eq/day 47.3 eq/day
COs2- 100 mg/1 75 mg/l
63.0 eq/day 47.3 eq/day
SO42- 5mg/ 275 mgh
1.89 eq/day 108.4 eq/day
Cr- 70 mg/ 185 mgN
37.3 eq/day 98.6 eq/day
pH 10.5 s.u. 9.5 s.u.
Total Cation Loading 154 eq/day 308.6eq/day
Total Anion Loading 156.7eq/day 308.8eq/day

*Based on rinsewater analyses at NADEP North Island during the pilot testing phase.
ND denotes Not Detected.

Source: Arthur D. Little, Inc.

AMech L 67981.NCEL11 03 6-2

o




After completion of the acid regeneration, the cation columns are neutralized with NaOH.
The NaOH solution from the column is collected, adjusted to the correct level of NaOH,
and reused for the next neutralization step. Approximately 10% of the recovered NaOH is
assumed discarded to the IWTP to prevent buildup of dissolved solids. Again, this bleed
stream may require alteration based on actual operating experience.

The initial rinse of the spent cation columns is recycled back to the feed tank. The rinses
from the cation columns following acid regeneration are assumed to be sent to the IWTP
for pH adjustment. It is possible that these rinses could be collected and be utilized
followi:.g another acid-based process. Some of the rinsewater may require further
processing via ion exchange due to low levels of Cd2+ present. Adjustment of the pH
would be required prior to returning the acidic water to the feed tank which will contain
cyanide. The final rinse after NaOH neutralization is sent to the IWTP for pH adjustment.

Two possible system configurations have been developed both of which are assumed to
treat 1000 gpd of rinsewater and require regeneration every 5 days. Figure 6-1 is a block
flow diagram of Option No. 1 which includes RO treatment of the effluent from the
cation exchanger. The RO system concentrates the CN- into a smaller volume which can
then undergo alkaline chlorination at the IWTP. The treated water discharged from the
RO system can then be reused in the Cd-CN rinse tank. The advantages to this system
include reduced water volume discharged to the IWTP (approximately 75% less than
Option No. 2), and reduced cation loading to the ion exchange columns resulting in &
higher Cd2+ resin capacity and a more concentrated eluate stream. This option also
assumes that the makeup water used in the rinse tank is also water processed through an
RO unit.

Figure € -2 illustrates Option No. 2, which does not utilize RO to concentrate the cyanide
stream (cation exchanger effluent). Instead, this stream undergoes alkaline chlorination at
the IWTP. This system will require a larger volume of cation resin due to the increased
cation loading of the untreated city water used in the rinse tank. This system will also
discharge a higher volume of water to the IWTP, since no water is recycled.

As supported by the results of the pilot test program, no anion exchange system is
included in either of these options since the concentrated NaCN, which would resuit from
anion resin regeneration, is not of suitable concentration or quality to be recycled back to
the plating bath. Therefore, the advantage of using ion exchange for the removal of CN-
is voided, and a conventional treatment process is more appropriate. For this analysis, it
is assumed that the CN- bearing waters exiting the cation exchange system will be treated
in a two stage alkaline chlorination process. The North Island facility has such a system
incorporated into their existing IWTP.

fimech m1.67981.NCEL11.693 6-3




Figure 8-1: Block Flow Diagram for the Full-Scale Cadmium Cyanide Treatment -

Option No.1
Evaporation Losses RO water (265 gpd)
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Tank -
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Bleed Stream

NOTE: Regeneration rinse volumes are averaged 10 a galion per day

- System included in full-scale
volume, based on regeneration sequences being performed D
once every five days. design and capital cost estimate.
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Figure 6-2: Block Flow Diagram for the Full-Scale Cadmium Cyanide Treatment -

Option No. 2
Evaporation Losses Rinsewater
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Tank
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Rinsewater
(1000 gpd)
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H2S04 Bleed Rocyel‘o
Stream (10%) (90%)
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volume, based on regenaration sequences being performed design and capital cost estimate.
once svery five days.
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6.2 Design Considerations

As previously discussed, two alternatives for the Cd-CN treatment system have been
developed: Option No. 1 in which the partially treated water from the cation exchange
system is treated via RO, the permeate is recycled while the concentrated brine undergoes
alkaline chlorination for the destruction of CN-; and Option No. 2 in which the partially
treated water from the cation exchange system is discharged directly to the IWTP where it
will undergo alkaline chlorination for cyanide destruction. Both systems are sized to
operate for 5 days before regeneration is required treating approximately 1000 gpd. The
primary difference between the two options is the quality of the Cd-CN rinsewater being
treated which affects the resin Cd2+ capacity. Option No. 1 allows for high quality water
from the RO system to be used as makeup for the Cd-CN rinsewater tank and assumes a
resin Cd2+ capacity of 485 meq/L. In contrast, Option No. 2 (which does not include an
RO system) must rely on city water (lower quality, containing high concentrations of
dissolved solids) for makeup water for the Cd-CN rinsewater tank. As a result, these
high concentrations of dissolved solids reduce the capacity of the ion exchange resin for
Cd2+ as indicated in the results of the pilot test program. The assumed resin Cd2+
capacity for Option No. 2 is 148 meg/L. In addition, the volume of water requiring
discharge to the IWTP is much higher in Option No. 2 compared to Option No. 1. With
the exception of the RO unit, these two systems are similar and have been divided into
subsystems as shown below:

¢ System 100 - Feed System;

e  System 200 - Cation Exchange;

»  System 300 - Carion Regeneration and Electrolytic Recovery; and
»  System 400 - Reverse Osmosis.

The design considerations for each of the subsystems are described in the following -
sections. Detailed equipment lists for each subsystemn can be found in Appendices F and
G.

6.2.1 Feed System - System 100

The feed system consists of a surge tank to collect the gravity discharge from the process
rinsewater tank, a transfer pump for transferring the rinsewater from the surge tank to the
feed tank, and a process pump to transfer the wastewater to the cation exchange treatment
system. The transfer pump is designed to transfer 1,000 gallons of rinsewater per day
and is equipped with a strainer at the suction of the pump. The transfer pump is
constructed of epoxy coated or rubber lined carbon steel and the piping and filter housing
are polyvinylchloride (PVC). The pump is controlled by the level in the surge tank which
is a 250 gallon tank constructed of high-density polyethylene (HDPE). The tank provides

firmach rpLETEN1.NCEL11 .83 6-6




approximately one hour of surge capacity for the stream at an assumed rinse flow rate of
3 gpm.

From the surge tank the wastewater is pumped to the main feed tank. This feed tank is
cone bottomed and constructed of HDPE with a capacity of 750 gallons for Option No. 1
and 1,000 gallons for Option No. 2. This tank provides approximately 4 hours of
rinsewater holding capacity and additional frecboard to receive the regeneration
rinsewaters that are recycled back to this tank. From the feed tank, the water is pumped to
the treatment system. The feed pump is designed to deliver a 3 to 10 gpm with sufficient
head to overcome the flow resistance in the downstream equipment. The feed pump and
its installed spare are made of epoxy coated carbon steel or other chemically compatible
material and are provided with duplex polypropylene cartridge filters on the pump
discharge.

Figure 6-3 presents a process flow diagram for the feed system. The feed system for
both Option Nos. 1 and 2 are similar, however, Option No. 2 requires a larger feed tank
(T-2). In addition, Option No. 2 will require more frequent changing of the cartridge
filters because of the precipitated solids characteristic of using city water.

6.2.2 Cation Exchange System - System 200

The cation exchange system is designed to operate with two columns in series for
Options No. 1 and No. 2 with an additional column in standby. The standby column will
be brought on-line as the polish column when the lead column breaks through. The
column that has broken through will then be regenerated and placed in standby until
needed. This is consistent with the design of the pilot system.

The columns for Option No. 1 are designed to hold 1.0 cubic feet of Rohm and Haas
Amberlite™ [RC-718 heavy metal selective cation exchange resin, and will hold 2.5
cubic feet for Option No. 2. The resin is assumed to have a Cd2+ capacity of 485 meq/L
for Option No. 1 and a Cd2+ resin capacity of 148 meq/L for Option No. 2, the average
capacities determined from the pilot test results. The column is constructed of carbon steel
or fiber reinforced plastic (FRP) with a coating of baked phenolic resin for corrosion
resistance. The columns are sized for a bed expansion of 1.5 to 2 during the backwash
operation. The columns are designed to switch automatically by an adjustable
timer/sequencer.

Figure 6-4 illustrates the cation exchange system for Option No. 1 and Option No 2.
The cation exchange system layout for both Option Nos. 1 and 2 are similar except the
higher resin volume and larger column size required in Option No. 2.

The design flow rate of 3 gpm is not constant. The rinsewater flows into the surge tank
only while parts are being processed. This will result in long periods of time in which
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there is no flow through the columns while the volume of water builds up in the feed
tank. During this down-time, some Cd2+ may desorb from the column while attempting
to achieve equilibrium. To account for this, a recycle line has been included to recycle the
first 100 gallons of water from the discharge of the columns back to the feed tank (Feed
System - 100). In addition, when a fresh polish column comes on line it may exhibit
leakage from the regeneration step. To assure that this leakage does not create a
compliance problem, the first 100 gallons of discharge from a fresh column is also
recycled back to the feed tank.

6.2.3 Cation Regeneration and Electrolytic Recovery - System 300

When a cation column is taken off-line, the regeneration procedure is performed. An
initial rinse is conducted to remove any residual CN- from the column. The acid
regeneration phase is then conducted using 10% sulfuric acid stored in a 55 gallon day
tank for Option No. 1 and a 150 gallon day tank for Option No. 2. A positive
displacement metering pump is used to deliver the acid to the column. The concentrated
Cd2+ sulfate solution is stored for recovery of the Cd2+ metal in solution in a 30 gallon
ERU storage tank for Option No. 1 and a 50 gallon ERU storage tank for Option No. 2.

Upon completion of the acid regeneration step, the resin bed is neutralized with a 5%
NaOH solution. The NaOH is delivered to the column with a positive displacement
metering pump from a 55 gallon day tank for Option No. 1 and a 150 gallon day tank for
Option No. 2. The concentrated NaOH discharged from the columns is collected to be
reused for future neutralization of other cation columns. A minimum 10% bieed stream
will be discharged to the IWTP to prevent build up of dissolved solids. A final rinse is
then conducted to rinse the column of NaOH. This final rinse is discharged to the IWTP
for pH neutralization.

Table 6-2 is a summary of the rinsewater volumes and chemical requirements during
regeneration for both Option Nos. 1 and 2. These volumes were developed from the pilot
test results and are used to determine the size of the chemical holding tanks.

The Cd2+ recovery system consists of electrolytic recovery of Cd metal from the con-
centrated eluate solution. The ERU for Option No. 1 has a cell capacity of 12.5 gallons
and for Option No. 2, 20 gallons, both of which are standard sized units. The pH of the
solution is adjusted automatically by the addition of NaOH to a pH of 3 to 4. A pH probe
and controller are included with the ERU. Adjustment of the pH will reduce the amount
of hydrogen evolution (See Section 5.4.1) and thus improve the quality of the solid Cd
metal plate. Adjustment of the pH will affect the acid concentration and will require
adjustment prior to reuse as regenerant by adding fresh, 96% H2SO4 or 10% solution of
H;S0;4. The ERU will be operated until the Cd2+ concentration falls below 50 mg/l. All
the Cd metal recovered will be collected and reused in the anode bags in the plating tank,
or in the vacuum Cd system. The recovered sulfuric acid will be reused for additional
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Table 6-2: Summary of Rinsewater Volumes and Chemical
Requirements for Cation Column Regeneration

Flow Rate Volume Time

Process (gpm) (BVs)

Option No. 1 (With RO Treatment)

Initial Rinse 3 8
Acid Regeneration  0.125 1.8
Slow Rinse 0.125 3
Fast Rinse 3 i4
NaOH Neut. 0.5 2
Final Rinse 3 14

Option No. 2 (Without RO Treatment)

Iniial Rinse 5 8
Acid Regeneration 0.3 1.8
Slow Rinse 03 3
Fast Rinse 5 14
NaOH Neut. 1 2
Final Rinse 5 14

Source: Arthur D. Little, Inc.

(gals) (minutes)

60 20
13 104
22 176
105 35
15 30
105 35
150 30
32 107
36 187
262 52
38 38
262 52
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regenerations, after the acid concentration is adjusted. A 10% bleed stream is assumed to
be discharged to the IWTP to prevent build up of dissolved solids in the acid solution.

Figure 6-5 illustrates the cation regeneration configuration including electrolytic recovery.
The volume of the chemical holding tank plus the volume in the ERU for Option No. 1 is
large enough to hold three regeneration sequences, whereas the chemical holding tank
and ERU for Option No. 2 has capacity for two.

6.2.4 Reverse Osmosis System (RO) - System 400

Reverse Osmosis is a separation process involving the passage of pressurized water
through a membrane. The characteristics of the porous membrane allow water molecules
to pass through, however, dissolved solids and organic molecules are rejected. This
process results in two (2) product streams: the permeate and the concentrate (reject)
solution.

Typical water pressures range from 200 to 800 psi to produce a high quality permeate and
a ¢ acentrated reject stream. RO process control parameters include the waste feed

.iv centration, effective membrane surface area and the resultant flux rate across the
membrane. The flux rate is largely a function of the feed concentration.

The primary process limitation is the maintenance of membrane performance. Fouling or
deterioration of the membrane will reduce the flux rate and eventually require membrane
replacement. RO units generaily require some pretreatment to protect the membranes from
solids and organics fouling. The primary pretreatment required for this application is
already in place, the suspended solids filters and the cation exchange system.

The RO system for this application consists of an equalization tank from which the
process pump will transfer the v-ater to the RO membrane at high pressure. The reject or
brine will be discharged directly to the CN- destruct system (at the IWTP) and the
permeate will be recycled back to the process to the Cd-CN rinse tank (or other acceptable
rinse tank). The design of this system revolves around two parameters; recovery rate and
rejection rate. Recovery rate is the percentage of the feed which passes through the
membrane as permeate. The rejection rate is the ability of the membrane to remove a
particular solute material. The recovery rate for this system was assumed to be 75%, and
the rejection rates vary from 92 to 98% depending upon the chemical species!1.12. This
recovery rate is based on vendor literature for an average case. These rejection and
recovery rates would require verification prior to implementation in the form of laboratory
or bench scale tests to ensure proper balancing of the flow and chemical concentration.
For this application, it was also assumed that the RO system would be a single pass
system treating only water from the discharge of the ion exchange treatment system and is
sized accordingly.
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Figure 6-6 is the basic process flow and material balance for the RO system. The RO
system is only included in Option No. 1. Since the quality of this water is nearly the same
as the RO make up water added to the Cd-CN rinse tank, the treated water is assumed to
be recycled back as rinsewater. The permeate will contain some level of cyanide,
therefore, it is recommended that it be recycled back to the Cd-CN rinse tank or other
CN- rinse.

6.2.5 Cyanlde Destruction

The concentrated reject stream from the RO (system 400) in Option No. 1 and the
discharge from the cation exchanger (system 200) in Option No. 2, is treated via alkaline
chlorination in the IWTP to destroy the cyanide.

The use of alkaline chlorination for CN- destruction is a common treatment process.
Under alkaline conditions, the hypochlorite oxidizes the CN- to cyanate. The pH is then
reduced and additional hypochlorite oxidizes the cyanate to carbon dioxide and nitrogen.
The process is conducted in two stages, each in a separate tank. The process is
continuous and the reactant addition rates are regulated by pH and oxidation-reduction
potential (ORP) controllers. In the first stage, the pH is adjusted to 10.5 to 11 with
NaOH. Sodium hypochlorite (NaOCl) is also added to obtain an ORP of approximately
+250mv. The water overflows to the second stage where the pH is adjusted t0 8.5t0 9
utilizing sulfuric acid. Additional hypochlorite is added to obtain an ORP level of
+600mv. North Island's IWTP has an alkaline chlorination system in place, therefore,
the capital cost for such a system is not included in this report.

The same treatment technology can also be applied at the source of waste generation. If
small quantities of cyanide-bearing waste are generated, the cyanide destruct system can
be designed and operated in a batch treatment mode using the same procedure outlined
above.
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7.0 Cost Estimation and Economic Evaluation

7.1 Cost Estimation Approach

For the development of component or subsystem costs, we used a combination of general
published cost curves® and budgetary quotations from equipment suppliers. We used
Guthrie's Modular Factor Method? to convert purchased component costs to installed
costs. The modular factor, specific to each type of equipment, is intended to account for
all direct and indirect cost elements in placing a piece of equipment into operation. These
cost elements include: engineering; procurement; freight; insurance; field installation
(materials and labor); safety subsystems (where required); and contingency. The
specified modular factors that were used along with an equipment list and the purchased
component costs are shown in Appendix E for Option No. 1 and Appendix F for Option
No. 2. An explanation of this cost estimating procedure, and details of how the modular
factors were developed, are presented in Appendix G.

Operating costs were developed based upon the operating requirements established in the
system design and equipment sizing calculations as discussed in the Section 6.0 (Full-
Scale System Design). Costs for operating materials were obtained from suppliers of
such. Costs for labor and utilities were based on past experience at Naval Activities.

7.2 Capltal Investment

The capital investment for the Cd-CN wastewater treatment system (Options No.
1 and 2) are summarized in Table 7-1 and are $209,400 and $206,300
respectively. The total capital cost for each option is essentially the same. The ion
exchange system and the reverse osmosis system are the major costs for Option
No. 1, while the ion exchange and regeneration systems are the major costs for
Option No. 2. Option No. 2 requires larger columns, more resin, and larger tanks
due to the poorer water quality and resulting lower Cd2+ resin capacity. The result
is a higher capital cost for the ion exchange and regeneration systems, which is
nearly the same as the capital cost for the RO system in Option No. 1.

The development of the capital cost investment for the treatment systems was
based upon vendor quotations for the ion exchange skids and auxiliary equipment.
No building costs are included as it was assumed that the system would be
installed in an existing building. If it is determined that additional building space is
required, these costs must be added to the capital investment.
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Table 7-1: Capital investment Summary for Cd-CN Rinsswater

System
Number

100
200

300

400

Treatment Systems

Option No. 1 Option No. 2
installed Cost Instalied Cost
Description (19928) (19928)

Feed System 19,300 20,200
Cation Exchange 80,200 104,400
Regeneration and 26,200 44,600
Electrolytic Recovery
Reverse Osmosis 47,800 NA
Field Instrumentation 4,000 4,000
Total Installed Equipment $177,500 $173,200
Additional Engineering Fee
(3% of Total Instafled Equipment) 5,325 5,196
Additional Contingency
(15% of Total Installed Equipment) 26,625 25,980
Total Capital Investment $209,500 $204,400

NA - Not Applicable

Source: Arthur D. Little, inc.
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7.3 Operating Costs

Operating costs for the Cd-CN wastewater treatment system (Options No. 1 and 2) are
shown in Tables 7-2 and 7-3. The operating costs are divided into two categories,
variable costs and fixed costs. Variable costs are those associated with cation resins,
regenerant chemicals, RO membrane replacement, credit for recovered materials, utilities,
operating labor, and disposal. Operating labor includes periodic shift oversight,
regeneration oversight, and sampling to determine breakthrough. Fixed costs include
maintenance and plant overhead. Maintenance includes labor and materials to repair
equipment such as pumps, valves, the RO system, or the electrolytic recovery unit. It is
estimated at 4% of the total capital cost because it is a fairly simple system and will likely
not have many mechanical failures. Plant overhead covers those costs associated with
payroll overhead items such as pensions, paid vacations, insurance, social security, etc,
along with building overhead (including the maintenance of medical and recreational
facilities, administration, purchasing, warehousing and engincering).

The total annual cost for the operation of Option No. 1 is approximately $68,200 split
almost equally between variable costs and fixed costs. The majority of the fixed costs in
Option No. 1 is associated with operating labor, 84%. The annual operating cost for
Option No. 2 is approximately $71,100, again with almost an even split between variable
costs and fixed costs. The contribution of the operating labor to fixed cost is slightly less
than in Option No. 1 (77%) because the chemical and utility costs are higher for Option
No. 2.

The operating costs for the two Options are very close, with Option No. 1 being about
$3,000 per year lower than Option No. 2. Option No. 1 requires periodic replacement of
RO membranes, while Option No. 2 requires higher volumes of regenerant chemicals.
The utility requirements, however, for Option No. 1 are lower than Option No. 2 because
of smaller electrical equipment sizes and lower water treatment costs (approximately 75%
of the water is recycled).

Tables 7-4 and 7-5 indicate the power consumption utilized to develop the electrical
requirements for the operating costs for both Options No. 1 and 2. All electric motors
were assumed to operate 50% of the time with an efficiency of 75% unless otherwise
documented. The power requirements for Option No. 1 and Option No. 2 are similar
even though Option No. 2 includes larger pumps, mixers and ERU unit. This is because
of the added power requirement of the RO system in Option No. 1.

Calculations for the water balance and chemical consumption can be found in Appendix
H. The calculations for water usage in Option No. 1 include a 75% rinsewater recycle
which minimizes the annual water and waste water treatment costs. The calculations for
chemical consumption in both Options include a 70% recovery which also minimizes
costs.
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Table 7-2: Operating Costs for the Cadmium Cyanide Trestment System -

Option No. 1

item Units/Year
Variable Cosis

Raw Materials

Subtotal Variable Costs

« IRC-718 Cation Resin 0.6 cu. ft.°

» 50% Sodium Hydroxide 0.21 tons

« 98% Sulfuric Acid 25 gals

* RO Membranes 0.5 membrane*’
Recovered Material Credit

+ Cadmium Metal 911bs

+ Sodium Cyanide 0 ibs
Utilities

< Electricity 47359 kW

* Water 120 1000 gals

+ Water Treatment 110 1000 gals
Labor

« Operating 900 hr

+ Supervisory 100 hr
Disposal 10 drums (55 gal)
Fixed Costs
Maintenance

« Labor and Materials

Plant Overhead

Cost/Unit
(1992 Dollars)

330.00
300.00
0.20
1800.00

(2.75)
(.85)

0.06
0.50
10.00

23.00
30.00

300.00

4% of Capital investment

119% of Total Labor

Subtotal Fixed Costs

Total Operating Cost

* Assumed to be replaced every five years.
*» Assumed to be replaced every 2 years.

Source: Arthur D. Little, Inc.

Annusl Cost
(1992 Dollars)

198
63

900

(250)

2,842
60
1,100

20,700
3,000

3,000

$31,617

8.380

28,203

$36,583
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Table 7-3: Operating Costs for the Cadmium Cyanide Treatment System -

Option No. 2
Cost/Unit Annual Cost
item Units/Year (1992 Dollars) (1992 Dollars)
Variable Costs
Raw Materials '
+ IRC-718 Cation Resin 1.5cu. ft.* 330.00 495
* 50% Sodium Hydroxide 0.6 tons 300.00 180
« 98% Sulfuric Acid 60 gals 0.20 12
Recovered Material Credit
» Cadmium Metal 91 Ilbs (2.75) (250)
» Sodium Cyanide 0 Ibs (.85) 0
Utilities
« Electricity 52259 kWh 0.06 3,136
* Water 420 1000 gals - 0.50 210
+ Water Treatment 420 1000 gals 10.00 4,200
Labor
« Operating 900 hr 23.00 20,700
» Supervisory 100 hr 30.00 3,000
Disposal 10 S5 gal drum 300.00 3,000
Subtotal Variable Costs $34,662
Fixed Costs
Maintenance
» Labor and Materials 4% of Capital Investment 8,176
Plant Overhead 119% of Total Labor 28,203
Subtotal Fixed Costs $36,379
L4
Total Operating Cost $71,100

* Assumed to be replaced every five years.

Source: Arthur D. Little, Inc.
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Table 7-4: Summary of Power Consumption - Option No. 1

Item
P-102, P-103
P-301
P-302
E-301/P-303
MXR-301
MXR-302

RO-401/P-401

Total

Assumptions:

Theoretical Actual
HP kW Efficiency kW

2 1.49 0.75 1.99
0.75 0.56 0.75 0.75
0.75 0.56 0.75 0.7%

4 2.98 0.8 3.73
0.25 0.18 0.75 0.25
0.25 0.19 0.75 0.25

5 3.73 0.75 4.97

12.68 kW

System operates 24 hours per day, 7 days per week, 365 days per year.
All components requiring elactricity are in operation 50% of the time.
Component efficiencies were estimated to be approximately 75%,
uniess otherwise documented.

* The storage capacity in this unit and the hoiding tank is much larger than the
volume of eluate generated each week. Thus it will be operated less often thar
the ERU unit in Option No. 2. This is accounted for in the total operating costs.

Source: Arthur D. Little, Inc.
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Table 7-§: Summary of Power Consumption - Option No. 2

ltem
P-102, P-103
P-301
P-302
E-301/P-303
MXR-301

MXR-302

Total

Assumptions:

Theoretical Actual

HP kW Efficiency kW
2 1.49 0.75 1.99
0.75 0.56 0.75 0.75
0.75 0.56 0.75 0.75
8 5.97 0.8 7.46
0.5 0.37 0.75 0.50
05 0.37 0.75 0.50

11.93 kW

System operates 24 hours per day, 7 days per week, 365 days per year.

All components requiring electricity are in operation 50% of the time.
Components efficiencies were estimated to be approximately 75%,
unless otherwise documented.

Source: Arthur D. Little, Inc.
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Labor costs are assumed to be equal for both systems. The additional labor to operate the
RO system in Option No. 1 offsets the additional labor required to handle the large
columns and longer regeneration sequences in Option No. 2.

It was assumed that 10 (55 gal) drums of hazardous waste per year would require
disposal. This would include spent resin, used filter cartridges, concentrated solutions
not allowed to be discharged to the IWTP (as occurred during the pilot test program), and
wastes from on-site analysis (Hach kit wastes).
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8.0 Conclusions and Recommendations

The objective of the Cd-CN wastewater treatment pilot test program was to determine
the feasibility of cation/anion exchange and electrolytic recovery for the treatment and
recycle of Cd and CN- from actual plating rinsewater. The optimum conditions for
operating the ion exchange system, observed during the laboratory phase of this study,
were utilized during the pilot test program to gather insight into resin capacity,
optimum regeneration conditions, process safety issues, process monitoring, emergency
procedures and the performance of on-line instrumentation. In addition, the pilot study
was more specifically focused on determining the ability of the cation/anion exchange
system to treat the plating rinsewater at North Island NADEP. To investigate the ion
exchange systems’ applicability to North Island, four different types of cadmium plating
rinsewater were processed, including:

*  City water with low concentrations of Cd2+ and CN-;

*  City water with high concentrations of Cd2+ and CN-;

* RO water with low concentrations of Cd2+ and CN-; and
* RO water treated by an electrolytic recovery unit.

Cadmium Reslin Capacities. The cation exchange system proved to be technically
capable of breaking the Cd-CN complex and removing and concentrating Cd2+ from all
four of the plating rinsewaters. The Cd2+ resin capacities from pilot operations were
found to be similar to the results found in the laboratory ion exchange study; varying
from 75 meg/L for Run BC-2 (a city water run with low Cd2+ concentration and a high
cation concentration) to 630 meq/L for Run BC-9 (a RO water run with a low Cd2+
concentration and a very low ionic strength). The pilot testing also demonstrated the
same relationship between non-Cd2+ cation concentration and Cd2+ concentration and
Cd2+ resin capacity as observed in the laboratory study:

» (Cd2+ resin capacity increases as the non-Cd2+ cation concentration of the solution
decreases; and

» Cd2+ resin capacity increases as the non-Cd2+ cation:Cd molar ratio decreases.

The capacity of the resin for Cd2+, as predicted by the laboratory results, was shown to
be affected by the cation concentration of the water being used in the plating rinse tank.
The city water at NADEP North Island contains high concentrations of dissolved solids
such as calcium, magnesium, and sodium which decreased the resin's capacity for Cd2+.
The results showed an average Cd2+ resin capacity of 150 meg/L for the city water runs
with low Cd2+ concentration; an average Cd2+ resin capacity of 430 meg/L for the city
water runs with a high Cd2+ concentration; an average Cd2+ resin capacity of 480
meq/L for the RO water runs; and a Cd2+ resin capacity of 410 meq/L for the
electrolytically treated dragout water.

The first set of city water runs, with a low Cd2+ concentration, had the lowest Cd2+
resin capacity because these runs on average had the highest cation concentration and
the highest cation:Cd molar ratio. The second set of city water runs, with a high Cd2+
concentration, had much higher Cd2+ resin capacity even though the cation
concentration remained constant because the cation:Cd molar ratio decreased from 60
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to 30 (due to the higher Cd2+ concentration). The RO water runs had a slightly better
Cd2+ resin capacity than the second set of city water runs because the cation
concentration of the RO water runs was much lower than the city water runs; therefore,
the cation:Cd molar ratio was lower, 25. The results of these three sets of runs supports
the general conclusion that the Cd2+ resin capacity increases as a function of the
decrease in the cation concentration and the cation:Cd molar ratio.

However in contrast to the two sets of city water runs and the RO water runs, the
electrolytically treated dragout water run did not correlate with the predicted results of
the laboratory model. The model predicted a Cd2+ resin capacity of 170 meq/L and the
actual pilot plant result was 410 meg/L. The reason for the differnence between the
predicted and actual results is unknown.

Cation Regeneration. The regeneration of the cation columns was performed at
several different flow rates over a range of 0.5 BV/hr to 5.0 BV/hr. The lower
regeneration flow rates resulted in a more concentrated cadmium sulfate (CdSO;4)
solution eluting from the column in a smaller number of bed volumes. For a flow rate
of 1.1 BV/hr and 2.2 BV/hr, the CdSO4 was collected between 1.5 and 2.5 bed
volumes. In addition, a flow rate of 2.2 BV/hr or less appeared to minimize leakage of
Cd2+ from freshly regenerated polishing columns.

In addition, the apparent recovery during regeneration ranged from 67% to 157% but
averaged at nearly 100%. The concentrated portion of the regenerant stream was
collected for processing in an electrolytic recovery unit (ERU) to recover the Cd2+ as
Cd metal. The average concentration of the eluate was approximately 1200 mg/L and
included several thousand mg/L of other cations, including Na+, Ca2+, and Mg2+.

The concentrated regenerant, CdSO4, was collected and processed through an ERU for
recovery of Cd metal. Approximately 97% of the cadmium was recovered from the
solution as Cd metal, however, the quality of the plate was poor. The quality of the
plate was affected by the high current density applied, the slow agitation rate, and the
extremely low pH of the solution. The calculated current efficiency was very low, 22%,
indicating that almost all of the current went to forming hydrogen gas. It is likely that
the recovered cadmium could be reused in the plating tank (in the anode bags) or the
vacuum cadmium system if the quality of the plate were improved. To improve the
efficiency and quality of the plate, process conditions would need to be altered to raise
the pH and increase the agitation.

Cyanide Resin Capacities. The recovery and reuse of CN- from the plating
rinsewater using an anion exchange resin was not an efficient recovery technology and
was eliminated from the full-scale design for two reasons:

* The high concentration of non-CN- anions (e.g., CO32-, SO42-, Cl-) present in both
the city water and the plating solution had a strong negative impact on the CN-
resin capacity; and

* The low affinity of the anion resin for CN- produced a breakthrough curve where

CN- quickly broke through the resin bed at the regulatory limit (within the first 20
bed volumes) and then slowly reached complete breakthrough.
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Because of the high concentration of anions in the rinsewater, the OH-CN resin
capacity model developed in the laboratory study was invalidated and could not be used
to predict the actual CN- breakthrough. While the model was not able to predict the
actual CN- resin capacity, the results did show that as the concentration of cyanide
decreased the resin CN- capacity decreased as demonstrated in the laboratory study.
The anion columns had an average capacity of 140 meg/L when using city water. The
capacity was slightly increased to an average of 190 meg/L when utilizing RO water;
however, this is still only 15% of the manufacturer's estimate of total resin capacity.
The average CN- resin capacity for the electrolytically treated dragout water (RO D.O.)
was 450 meqg/L.. This higher capacity is attributed to the higher CN- solution
concentration, 180 mg/L. The total anion concentration:CN- ratio for these runs and the
RO water runs are identical, indicating that CN- solution concentration has more of an
effect on CN- resin capacity than does total anion concentration.

As mentioned above, the low affinity of the anion resin for CN- produced a
breakthrough curve where CN- quickly broke through the resin bed at the regulatory
limit and then slowly reached complete breakthrough. The swift breakthrough caused
the polishing column to also reach the regulatory breakthrough rapidly; therefore, the
anion columns were quickly out of compliance with the Federal Pretreatment Standards
for Metal Finishers (compliance limit of 1.2 mg/L. Total Cyanide [TCN] daily
maximura and 0.65 mg/L average monthly for existing systems19). The effluent from
the polishing column was unable to maintain this complian=e level for more than a few
hours after being put on-line. In order to maintain compliance for even a complete day
the volume of anion resin would have to be increased by a factor of at least 10.

Anion Regeneration. Regencration of the anion columns indicated poor recovery of
the CN-. Recovery of CN- ranged from 12 to 15%, and the concentration of CN- in the
solution was approximately 650 mg/L which is far below the plating bath concentration
of 25,000 to 30,000 mg/L. In addition, the anions (e.g., Cl-, CO32-, SO42-) which
compete with the CN- for removal by the anion resin are also removed during
regeneration (some of which are considered contaminants to the plating bath). The CN-
was also noted to degrade in the feed tank of the ion exchange system into cyanates
(CNO-) which are also plating bath contaminants. Thus the low concentration of CN-
and the presence of plating bath contaminants, make the reuse of the anion eluate in the
plating bath impossible without additional processing.

Because the CN- solution cannot be reused directly in the plating bath and the anion
columns are not reliable for maintaining compliance with the regulatory limits, the use
of ion exchange for the treatment of CN- was not included in the preliminary design.
Instead, conventional alkaline chlorination was the assumed method for treating the
CN- contaminated streams exiting the cation columns.

Full-Scale Design. Based on the results of the pilot test study, full-scale designs were
prepared for two treatment systems:

« Option No. 1 - Includes cation exchange for the removal of Cd2+, followed by
reverse osmosis to concentrate the CN- and further treat the cation exchange
effluent. The concentrated CN- stream is discharged to the IWTP where it will
undergo alkaline chlorination. The treated RO water is returned to the Cd-CN rinse
tank as rinsewater; and




« Option No. 2 - Includes cation exchange for the removal of Cd2+. The effluent from
the cation exchanger is discharged directly to the IWTP where it will undergo
alkaline chlorination.

The options differ both in the components comprising the system and also in the quality
of the rinsewater. Option No. 2 assumes the use of RO water as makeup to the rinse
tank. Option No. 2 assumes city water as makeup to the rinse tank. The basic
characteristics of the wastewater for each of the options, with a total flow of 1,000
gallons per day, is as follows:

Concentration (mgA)
Constituent Option No. 1 Option No. 2
Caq2 30 30
CN- 75 15
Na+ 178 228
Ca2+ 0 70
Mg2+ 0 3
CO42- 100 75
S0¢- 5 275
Cr 70 188
pH 10.5 95

Capltal and Operating Costs. Upon completion of the full-scale designs, capital and
operating costs were developed for both options. The costs were compared to each
other to determine which system was economically favorable. The capital costs for each
system are as follows:

» Option No. 1 ( with RO) - $209,500

» Option No. 2 - $204,400

The annual operating costs for the two systems are:
e Option No. 1 - $68,200

e Option No. 2 - $71,100

These costs are lower than the costs developed during the conduct of the the Laboratory
Study® because the size of the system is smaller: 1,000 gpd for tkis study vs. 10,000
gpd for the Laboratory Study.

The capital cost for both systems are nearly the same. The RO system in Option No. 1
adds capital cost while the capital cost for Option No. 2 is affected by the lower resin
capacity as a result of the poorer quality water requiring larger resin volume. Capital
costs for both Options can be reduced (by equal ratios) if a system is specified with less




automatic controls. Such a system would require more operating labor (higher
operating costs), and manual control. The capital costs for this study, however, were
based upon an automated system requiring minimal operator supervision.

The operating cost associated with both systems are split almost equally between fixed
and variable costs. Operating costs for Option No. 2 are higher than for Option No. 1,
due to the larger chemical volumes required for resin regeneration and rinsing. In
addition, Option No. 2 does not include any water recycle to the Cd-CN rinse tank,
resulting in a larger volume of wastewater being discharged to the IWTP.

The capital and operating costs developed in an earlier study for a conventional metals
}mﬁcipitation and alkaline chlorination treatment system for a 1000 gpd system are as
ollows:

e Capital Costs - $115,000; and
*  Operating Costs - $47,000/ycar

The capital costs is approximately 50% lower for the conventional system than for the
ion exchange/electrolytic recovery system, and the operating costs are also lower. The
hidden costs of hazardous waste generation, however, must also be examined when
comparing Costs.

Recommendations. Ion exchange can be applied to treat Cd-CN plating rinsewater.
The use of cation exchange and electrolytic recovery is shown to be very successful as
a treatment process as well as a recovery process for Cd metal. The effluent from the
polishing columns was below the Federal regulatory limits for most runs (0.69 mg/L
daily maximum and 0.26 mg/L. monthly average). Anion exchange, however, is not
recommended as a treatment and recovery option for CN- due to: the low resin capacity
for CN-; the inability to maintain compliance with Federal regulatory limits; the poor
quality of the concentrated regenerant; the ease of treatment of cyanide in an alkaline
chlorination system; and the low cost of purchasing virgin NaCN.

In addition, the use of RO as a pretreatment process for the water feeding the rinse tank
and as a treatment process to allow recycle of the treated rinsewater lowers the
operating costs of the full-scale system. There are, however, several concemns
associated with the treatment system that should be addressed prior to implementing a
full-scale system. These concerns include the following:

* The us:J of pH adjustment and/or the use of additives to improve the plate quality in
the ERU;

* The ability of the existing IWTP to handie the low volume, high concentration of
CN- bearing waste generated by the RO unit;

*  The distribution system required to recycle the treated water back to the Cd-CN
rinsewater tank; and

e The level of automation desired for the system;

¢ Reuse of acid eluate for regeneration and the required bleed stream to maintain an
acceptable level of dissolved solids; and
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Appendix C:

Anion Column Breakthrough and Regeneration Curves
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Appendix D:

Summary of Anaiytical Resuits

cD.67981 .. 982

D-1




sSi'0

0g0

82

re

e

ocy
004}
oocy

ey

09} 0se
0o0i6
004}
o4 0se
oL ore
1] 14

(WOw) sunsey edweg weiBoid Wild eBusyox3 vo| 130N

1
006S

el

09

saL €00

061l

013

oce

€'¢

1z'9
80’
o'y

8Ll
L

00s2
090

$1°0

N
N
L1

oy
r9
80

L
oz
oze
089
oel
e'r9

L'y
1'Sy
cor
L4'8¢
96t
zie
iy
el

0061

4]
ci

00

(ss10) pOIOY) PO ND

cé/viivo
c6/Sh/v0
c8/SL/Y0
c68/SL/v0
ce/SLIv0
c8/SiLiv0
2¢68/SL/v0
e8/SHiv0
¢6/Siiv0
ce/viive
ce/rii/v0
ce/riive
ce/viimno
c6/el/vo
ce/vLiv0
26/viIv0
ce/viivo
ce/riivo
c6/ELIYO
c6/EL/v0
c6/ELiv0
¢e/LL/v0
26/14/y0
c6/LL/Y0
c6/01/v0
26/0L/v0
26/01/v0
<6/680/¥0
26/60/v0
26/60/%0
c6/80/¥0
¢6/60/%0
26/80/%0
26/80/%0
26/80/%0

uva
ONIdINYS

er-el
00:80
0¢:60
S1:60
01:60
$0:60
00:60
$5:60
.80
00- 44
er-ol
<80
er:eo
erce
60:60
60:80
60:€0
60: 10
60:0¢
00:0i
00:60
Si1:€0
02:20
01:20
Sr:€0
eceo
04:€0
00:€2
00:S)
S0}
00:€1
00:70
oe:el
oe:ei
oe:el

I

8800id -0
-4

osuY 3 2V
oty 4 2V
osuy § 2V
sy § 2V
oY § 2V
oY § 2V
ueBey Z-v
H3 vy
8800id -0
H3 19

H3 -9

¥3 -0

H3 1y
3 v
¥ v
3 v
H3 v
-1

Nuel esuly
T osuy |-y
usbey -y
uebey |-y
uebey -5
uebeyj -9
uebey -0
28 01-2 I-¥
S T2 Iy
1S 64 4-2
sojep dey
#3 puy
-4

@ -1
-l

NOLLYDON
FidWvs

€el
144}
131
oci
1)
82)
L\
1 14}
sz
124
o€}
Or 43
cei
1z
114}
61
sh
LI
14}
Sis
v
€l
(143
133}
on
601
8014
104
801
1]}
141}
€01
{1}
113
004

NN
TdNYS

D-3



ore

14 [ 1

rie

17

€08

0

0S

Lee
cee cor
sel
926 ece
€62
(11} 2609
14]33
89! e’}
90l L'9¢
90}
e
16’9
1]}
oS!
121}
14:]
c'sy
Lot
v
6'0€
»se
g8
eol
r 4
8
N
8¢
L2
‘e
8L
L
()
ci
cl
]}

salL €00 N (ssi0) PO(OY PO N

(Bw) synsey edumg wwiBold ioild eBuwpx3z uol 130N

z6/91/%0
Te/9iiv0
c0/91/v0
ce/01/v0
c6/91/%0
ze/otLivo
ce/8i/v0
co/0L/v0
ce/8L/v0
26/SL/v0
ce/siiv0
c0/Shiv0
co/SL/v0
c6/S1/v0
ceISiiv0
c6/si/v0
c6/S1/v0
c6/S1/v0
¢0/81/%0
¢6ISi/v0
26/81/%0
c8ISL/v0
e6/S1/v0
ce/Si/v0
c6I151/%0
26/5L/%0
26/SL/v0
c6/51/%0
¢6/S1/v0
c6/7Liv0
c6/vi/v0
c6/Si/vo
26/91/v0
ce/vi/v0
ce/riiv0

ava
ONIdWVS

s¥:0)
0€:01
$2:0)
oz:01
$i:0}
004
$0:04
09:60
00:80
9004
$S:L1
0s:L)
SeiLl
0¥:L)
g€l
05:9i
or:¥i
60:9}
eo:vi
60:€l
80:2})
60:41
er:si
erel
cr.60
oLel
oLt
60:90
60:€0
60:8)
60:S)
ey so
erio
erie
erLl

Nl

FWINVYS

D-4

osuRj 4 1-D 691
osul4 8 1-0 (11}
®NUH § 1-D 491
osulY 8 1-0 991
osulY 8 1-O0 111}
osuly 6 1-0 1]}
osuY 8 -0 €9l
usbeyi |-D 29}
-1 19t

s 6V (1]

8 eV (1]}

s &V 8s!)
osuy 8 €V LSt
> 9S4

8 &V ss|

v 141

882014 2-9 €S
$88204d €Y ¢St
88020id €-¥ ISt
$8800id €-¥ (1118
8882049 €-¥Y 6ri
$8620)d €Y -1 4}
$3830id -0 ir)
s88001d -9 ori
88820id |- 1143
H3 euyd 144

i3 eu4 eri
$8000)d €-¥ cri
88800)d €-Y 3423
$8020id €y ori
$8020id €-Y éct
$8800id )-O 14}
$80204d -0 Fi4}
$8800id 1-) sei
802014 |- vel

NOUVYJOT HEENN
TdNVS  TWdNVS




0w

0t
$9'6
192
ez
eise
256
8l
982

S$'9S

o o

el

i8¢

L68¢

109

1413

00L

irs

1473

14 73

x4 13

10

184

169}
96L
Zisi
9
9°L8
s'08
gL
g'cs

0!

O3S SAL 00 N

(VBw) synseyy edwesg umsboid iod eBueyoxz uoy 13ON

est

0l
vee

90
8si's
L3 1)
20
et
sce
869¢
(344
9008
Lrel
el
€'se
2'0
sz
e
g'ec
vy
L9y
89'c
19°¢
9ee
eso
€ro
€0'0
00

9L

e're
1'0€
9'9C
6've
iy
zer

(ss10) PO PO ND

26/24/50
6/21/50
ce6/z1/50
Z6/€4 /S0
26/€1/50

26/91/%0
26/914/%0
ce/91/v0
26/94/90
ce/91/v0
c6/91/v0
c8/94/v0
c8/94/%0
c6/91/v0
c6/91/%0
ce/91/v0
c6/91/%0
ce6/91/%0
ce/91/v0
c6/9L/v0
c6/9iL/v0
2¢6/91/v0
c0/94/%0
ce/91/v0
26/91/v0
c6/91/90
€6/84/70
26/84/%0
c6/Si/v0
c6/91/%0

ava
ONIIdINYS

0041
00:60
00:60
00:80
00:80

srli
or:Li
Se:Ll
0E:L}
se:Ll
oLl
00:L1
0s:9}
sr9l
SrSi
or:si
Se:s)
oe:si
§¢:S)
SISt
0184
SSvi
er:Lo0
r:so
er:€0
crio
erit
riie
Zr6l
eriLi

£ TS

INVS

Aol ol ol ol o
=000

I R I I R )
VCOOVLOOLOLO

i

02
€02
e0e
102
ooz
113
86}
61
961
s6i
141}
€6l
4.1
161
o6l
681
g8i
18}
981
$81l
141}
€8l
t4:] )
181
08}
6Ll
8Ll
&L
74
S
1 1)
€L}
173
Y33
ol

-5

(=]



0’0

0

$'29

6z

e L 14 N tee

6’8

900

100

L0°0
998

800

10

910
(372

10

8ce
$'eL

4 13
8’29

14 X1
c'es

sy’
L'es

t 1

28

o

1)

si'0
8'cs

21’0

o

26’0

810
169

iz0

ce’o

se¢'o

y0S salL 00 W (%0 PO PO NO

(Vow) synsey eidums umiBoid 10Nd eBueyx3 oy 130N

26/E1/S0
26/E1/S0
z6/E1/80
Ze/etiso
2e/el/s0
26/E1/S0
26/€1/80
26/e1/S0
26/e4/S0
26/Z4/S0
c¢e/TLiISo
ce/Z1/80
¢6/24/80
26/21/S0
c6/€1/50
Z26/€1/S0
¢6/eLIso
26/€14/50
c6/EL/IS0
¢e/eiiso
c¢6/el/so
c6/ELiSo
ce/eliso
¢6/EeLiSo
¢6/E1ISo
26/e11/50
¢6/E1/S0
¢6/e1/S0
¢6/21/80
c6e/e1iso
c6/21/50
26/21iso
26/21/50
c6/21/S0
c6/21IS0

auva
ONIINVS

or:90
or:80

0r:90
or:90
or:v0
or:20
0r-00
0r:00
or:02
or:9l
ores
or:ei
or:80
00:0}
00:0}
oc: it
ot}
00:01
00:0¢
0€:80
0€:80
00:90
00:90
00:S0
00:€0
00:10
00:40
00:€2
00:12
00:8}
00:L}
00:41
00:S}
oo0:¢cl

INL

g.-v-
¢ 4 € ¥ 2 2 3 ¢ b ’
- -

000V VOVVVAVVIVVOO VOOV VVOOV

g e e e e P e g g Pn en g e e s e = NOOOMOOOOOOM
.

3

NOLLYOO

;

ece
ece
Le2
9¢€2
sce
1414
c€ee
4>
(314
oee
eze
8ce
Lee
9ce
see
1 414
€ee
cee
iee
0ce
612
812
Zie
912
sie
vic
4 ¥4
cic
Lie
ot
60¢
80¢
L0e
902
S0¢

D-6




o4

1]

o0zee
vis
'8
cil
41
L9
€'Le
999
144
08rS
0906
oice
ocee
141
s69
€0¢
S€'0
¥0'0

¥0°0
200

60’0
c0'0

1o
¥0°0

rio
600

DY
$0°0

M4

A4

iy

6'sy

6'ts

L9y

*0S salL 200 e (ss10) PO(l0Y PO N

(Bw) synsey eidues weiBoid 10ld eBuvyOX] Uoj 1ION

T0/S1/S0
T8/81/50
ce/r\1/S0
ce/riiS0
ce/ri/S0
c68/¥ /S0
ce/r1/S0
ce/riiso
c6/ri/S0
ce/r1/S0
Z6/ri/S0
2e/rii/so
26/¥1/80
ce/r1/80
ce/Y1/S0
ce/¥1/50
c6/v1/50
ce/v /SO
c6/riiso
c6/v1/S0
c6/r /S0
c6/rLiISO
26/v1/50
26/€1/50
¢6/E1/S0
¢6/E1/S0
Cc6/EL/SO
€6/ei/so
¢6/EL/SO
ca/el/so
¢6/E1/SO
ce/ElLl/so
c6/E1/S0
26/€1/S0
2¢6/€1/S0

aiva
ONINdNVS

S1:60
01:60
00:91
or:si
0e:st
02:51
0i:Si
00:S1
0s:vi
Srvi
or:vi
sevi
oc:¥i
se:rl
80:¥i
00:vi
or-cl
0e:L0
0€:S0
0€:S0
0c:€0
0E:i0
0E:10
(1158 >4
oe:1e
oe: 12
oc:el
o€ Lt
0e:Li
0e:S)
oe:cl
oe:cl
D> Y
0€:60
0€:60

E 1

ueBey 1-0
usbey 1-0
osuy § €0
osuy § €9
osuY § £
osuy § €90
osuy § €0
osuy § €9
osuY § €9
osuy § £
osuY § €D
osuy § €9
ooy § €9
osuY § €9

VOONOONOONOOTONOOOOM
VOOOOOOOOOLOOLOOOO

NOLLYDOOT

;

rie
€Le
eLe
e
0L2
892
892
L92
992
S92
14°14
€92
t3° 14
192
o092
6se
8sec
Lse
9se
§S¢
1414
€se
t4°1
(314
0s¢
6ve
8re
ire
are
sre
1444
cere
ere
324
ore

D-7




6c'0

o4

e'9e

1’8

(.74}

[+ ]

roi
01 4
192
69l
LA
o
(4> 114
e Ty
90°0
34 g'6c L 1% ez oe2 999

$C°0
s
1
L’s
199
8¢t
"oy
0Lee
69§
14 D]

9'S)
8'Zy
¢S
L'v8
€01
092
€se
oto4
06Ly
00902
ores

05 sai 000 N (s310) PO PO MO

(V6w) synsey edures wewiBoiy 1ond eBueyoxy voj 130N

ce/ol/90
z6/01/90
26/01/90
26/01/90
c6/01/90
26/01/90
26/01/90
26/60/90
£6/60/90
26/80/90
€6/91/50
26/91/80
26/91/90
c6/91/90
c8/91/50
c6/91/50
¢6/91/50
c6/91/50
26/91/50
6/91/50
26/91/50
€6/91/50
26/91/50
€6/51/50
26/51/50
2¢6/S51/50
26/81/50
c6/91/S0
c6/51/50
¢6/51/50
¢6/91/50
26/51/S0
¢6/S1/50
¢6/S1/50
€6/91/90

ava
ONIINVS

si:8l
Si:9l
sivi
Si:Z
94:04
$4:80
02:40
0¢€:L0
0€:40
00:81

01:9
00:94
§$5:94
S¥:Si
or:S}
St:S)
0¢:S)
SZ:S}
0Z:S1
S1:S)

Sy:0l
SE:0l
g2:0i
S1:01
0101
$S0:04
00:01
$5:60
05:60
Sv:60
02:60

anul
FIINVS

.-.--p.'-.-p.-.-q-
sy e ]
FOFRPFOOOOOO

osuY 4 2-0
Ul § 20
sulY § 20
osuly 8 2-0
osulY § 20
osulY § 2-0
oSulH S 2D
osuld S 20
osulY S 2-0

veBey 2-0

osuY S 1-D
osul S 1-9
osuy S 1-D
osuiy S 1-D
osuYy § 1-D
osuy § 1-D
osuiy § 1-D
suUl S 1-D
osuld S 1-0
®suL S 1D

webey -9

NOLLVYOO
VS

. -]

]
éoeg A
80¢
L0€
80c
g0¢
voc
co¢
20¢
10€
00¢
662
862
162
962
S62
v62
€62
262
t62
062
682
882
182
982
S82
¥82
€82
26z
182
082
6.2
8.2
e
9.2
SL2

BN
TdNVS




LX)

o3

9's2

- 24

991

2]

€0°0
2o
200
or'e
2
9'sc
ve6z
ooy
(YY1
S99
0s48
04S¢
ooor!
002s4
002z}
0004
00201
08€S
252 viz 102 y'8e e¢
1'e veez  V'ee
N
X1}
991
voi
€6l
o8l
(0
202
v02
6'6i
902
961
L6l
6Ll
iy

0S salL 00 e (s90) POUOY) PO NO

(VBw) synsey edwes weibosd lojld eBueyox3 voj J3ION

26/1 1790
26/11/90
c6/11/90
26/11/90
26/11/90
26/11/90
c6/11/80
26/11/90
c6/14/90
c6/11/90
c6/11/90
26/11/90
z6/L /90
c6/14/90
c6/11/80
26/11/90
c6/11/90
¢6/11/90
26/11/90
26/01/90
c6/01/90
26/01/90
6/01/90
26/01/90
¢6/01/90
26/01/90
¢6/01/90
¢6/01/90
¢6/01/90
c6/01/90
26/04/90
¢6/01/90
26/01/90
¢6/01/90
26/01/90

31va
ONINJINVS

ov:02 t Age)
orel -0
ov:9l -9
Si:tl ssuy 4 1D
SO 44 osuy 4 1D
S$$:01 sy 4 -0
or:0} suYy § 1-D
oc:0l osuly § 1-0

s¢01 osUH § -0
0z:0l sUY S 1-0
S1:01 osuly § 1-J
oi:01 ssuy § 1-0

00:04 ueBey -2
§5:60 ueBey 1-2
S¥:60 webey 1-9
S€:60 veBsy -0
52:60 uebey -2
$1:60 uefey (-0
0€:£0 -1
00:L1 -1
0e:5} ¢-9
0c:st -3
I TH -9
Si:€l -9
TH Y -0
S1:60 -0
00:4 1 z-9
0£:80 -9
S1:20 -0
S1:90 -0
S1:90 -9
S4:20 -3
$1:00 -2
Gi:22 -0
S1:02 -0
INL NOLLYOO)
FNdNVS TdNYS

144
(4 £
e
1344
ore
ettt
sce
Lee
9€e
11
ree
1113
zee
131
oce
eze
gze
Lee
14
szt
1 £4]
€zt
t 24
tce
oce
13
8ie
LIt
13
Sit
ric
€ie
cic
tie
oL€

-9

[=]




4]
.]-14
ooz
00012
8
ve'i
€6’}
TEl
X )
el
'a 4
Si
ont
rri
9t
s'eh
¢t
t'e
'L

98¢
648
10§
8.8
L'6e L'se
0L0e
6e'e
er’i
€ro
$0°0
20’0
€00
€00
c0'0
0’0

-OND 0 o O Lo] 0 $0S salL 200 W (5510 PO PO N

(VBw) synsey eduweg wwsboig topd eBusydx3 voj 1IN

ce/zii/90
z6/21/90
26/21/90
26/21/90
z6/z1/90
26/21/90
ce/eiino
¢6/21/90
T6/Z1/90
c6/T1/I90
26/21/90
c6/T1i90
26/21/90
26/21/90
6/21/90
26/14/90
¢6/11/90
26/11/90
c6/11/90

26/21/90
¢6/21/90
26/21/90
c¢e/ei/90
ce/ei/90
¢6/21/90
¢6/4 1190
26/11/90
e6/11/90
c6/11/90
€6/11/90
c6/11/90
ce/ii/90
c6/11/90
c¢6/11i80

ava
ONIdWYS

o

]

sr:Ll vebeyy 2-0 6L 4
ec:Ll uebey 2-0 8Le
el ueBey 2-0 e
0.1 uebey 2-0 9L¢
£s:91 ueley 2-2 Si¢
or:9l ueBey 2-9 715
sZ:9} usBey 22 €i¢
or:vi 9 2Le
or:zi z-9 1Le
or:ol 290 (Y1
0y:80 29 69¢
0r:90 z9 89¢
0r:50 F 23] 19¢
or:c0 r 4% 99¢
or:10 z-0 g9¢
or:e2 29 r9¢
or:i2 29 £9¢
or:61 35 29¢
or:Li 29 19¢
ueys] loN 09¢
00:L4 ns 65¢
00:S} na 8s¢
oc:ti ng i5¢€
05:60 ng 95¢
00:80 -1 ss¢
05:20 na ¥S¢€
or:yl 20 £se
or:zh 29 es¢
ov:ol 29 IS¢
or:80 29 0s¢
or:90 29 6re
or:¥0 20 8y€
or:20 29 Lye
0r:00 z9 127
or:ee 29 S¥e

Il NOWLYOOT  HEEWNN
FdNVS FIAVYS  TUdNVS




D-11

vc0 26/91/90 oc:r} -9 iy
€9 26/91/90 oc: 11 -0 ciy
89¢ 9L C9y 26/91/90 0€:£0 -4 F1Y
86y N SE'Y 26/91/90 00:51 ‘H3 muid Ly
e z6/91/90 CT A esuy 4 €0 oly
S'6y Z6/S1/90 i suy § €9 60y
vol Z6/51/90 gei il ooy § €9 80y
ol 26/51/96 s osuy § €0 0¥
gce 26/51/90 Skl osuy § €9 90y
82¢ 26/51/90 S0 11 osuyy § €9 113
0or2i 26/51/90 Sr:0l osuy § €0 Yoy
£6°C 26/51/90 62:0) €9 coy
200 268/51/90 £4:01 (3] 20y
€00 26/51/90 {560 €9 Loy
sy  ¥0'Z  9E0 N N YL I'g 280l 82i 'y L6y 26/E1/90 t-1 ooy
Sr'e 26/€1/90 00:60 €9 66¢
852 26/£1/90 00:20 €9 86¢e
€82 26/21/90 0€:02 €9 L6€
e 26/21/90 00:02 €9 96¢
i 26/21/90 00:6} €9 S6E
i 26/21/90 5194 €9 v6¢
6L} 26/21/90 TR €9 €6¢
2 d! 26/21/90 s1:2k £9 26¢
e 26/21/90 S1:01 €9 16¢ :
19°0 26/21/90 51:80 €9 06¢
€0 26/21/90 51:90 €9 68¢
210 26/24/90 TH ) €9 88¢c
¥0'0 26/21/90 614:20 €9 18¢
£0°0 26/21/90 51:00 €9 98¢
€00 26/11/90 §1:22 €9 s8¢
$0°0 26/11/90 §1:02 €9 ¥8¢
80°0 26/11/90 51:6} €9 €ec
S0 26/11/90 o1 €9 2e¢e
86 26/21/90 §S:Z1 uebey 2-9 18¢
601 26/21/90 0S:L1 webey 2-0 08¢
OND 0 o4 o ) 12 v0S saL 00 BN (ssi0) OGO PO  NO aiva I NOLLYOO1 38NN
ONIdWYS  3WNVS TS  TWIWVS

(VBw) synsey eidues weibBoid 10lid eBusyoxy uol YIIN




o)

N

9604

12

¢ c¢ol eci €6z s
9’9
cLy
X
9e2
ey
L3
- 14
Z'oe
i'ec
N s'ie
voc 1>
eS¢ 20’0 982
6’6z
L
6'ce
9'6¢€
ey
8'L9
144
ey
§'6€
1'Se
oe
e's)
09S1
068l
0002
0sse 20!
Si'e
ey’
19°0
€0
143
€0

»0S sal 00 o (s510) PO(OY PO ND

WBw) synsey eidumg weibold 1olid eBueyOX] vo| TION

¢6/LL/80
¢6/91/90
c6/91/80
¢6/91/90
26/91/90
26/91/90
T6/91/90
z6/91/80
c6/91/90
26/91/90
26/91/90
c6/91/90
26/81/90
26/51/90
26/81/80
¢6/51/90
26/514/90
¢6/51/90
¢6/51/90
€6/51/90
€6/54/90
26/51/30
26/51/90
¢6/51/90
26/$4/90
¢6/91/90
c6/91/90
c6/91/90
¢6/91/90
26/91/90
¢6/91/90
c6/91/90
c6/91/90
26/91/90
<6/91/90

aiva
ONINdNVS

00:60
oc:8}
0e:S)
oe:el
0€:60
oc:el
0y:9}
orvi
ores
0y:01
oc:ai H3 suyy
gLl
si:e2 #3 By
or:02
or:6i
or:Li
or:Si
orel
ov:ii
ov: 12
or:64
or:Ll
or:Si
or:ci
or: i
094
oe:t 4
0e:60
0e:20
0€:80
0€:50
0€:20
oe:ee
0€:02
0e:L)

- - e oo e
FLCdCCCCCOO0OVO -

-
CCLCCCLCLCLLLL

BEB832333333333

COLOOO

INL NOLLY
AVdNVS TWdNvS

g

ory
sry
iy
ory
14 4
1444
1144
crey
1344
ory
ecy
scy
LEr
1) 4
sScy
1434
114
cer
13414
U144
62y
8y
L2y
9cr
scy
rer
ecr
ey
icy
ozy
134
18 4
iy
olr
Siy

D-12




10°¢

o

10

cel
i
col
i
co0'6
L1'L
er
so'c
Lre
sey
114
809
809
v66
S0
N

€0’y
S’y
¥e's
6é'o¢
gee
ess
1174
192
e'z9

ree
8’8t
[ :74
ori
89¢
LLe
€L8
Lze
§'€L

6'0S
cor

148 ] SalL 000 eN (s810) POG0D) PO NO

(/Bw) synsey ejdwes weiBoid 10Ky eBuRPX3 UO) 1IDN

26/81/90
26/81/90
¢6/81/90
¢6/81/90
26/81/90
c6/81/90
26/81/90
c6/81/90
26/81/90
26/81/90
c6/81/90
26/81/90
€6/81/90
26/81/90
26/81/90
26/81/90
26/81/90
¢6/81/90
c6/91/90
¢6/81/90
¢6/81/90
26/81/90
£68/L1/90
26/L1/90
€6/L1/90
e6/L1/90
¢6/L1/90
¢6/L1/90
€6/81/90
c6/81/90
¢6/81/90
26/81/90
€6/81/90
€6/84/90
c8/L1i90

aiva
ONINJNVS

C0-Si
00:Si
8s:7)
95:v)
ervi
or:ri
28 4
ciri
co:rl
SS' i
' >H Y
L&l
€e i
20:4)

r2:0i
Si:01
20:0}
§5:40
§5:50
§5:20
$5:€2
§5:0¢
§6:L1
SS:vl
sS4t
§5-80
0c:91
ot:ri
oe:cl
0€:04
0E:080
S¥-L0
00:91

I

FUNVS

43 mud 29
uebey |-y
uebey |-y
uebey |-y
ueBay 1y
veBey |-y
ueboy -y
uebay 1y
uebay 1-v
ueboy 1y

bl ol ol ol i S ol ot
QLOLOLLOVLLLVLOLOLLO

BEEEES

-
w
e
@ -

NOLLY!

g

1404
11 4
1124
314
11114
6Ly
8Ly
Ly
144
T4 4
1 134
cLr
cir
(Y24
oLy
69y
a9y
L9Y
99¢
S9v
vor
€9
414
19
09
6s?
8sy
LSy
95
SSY
1414
€sr
114
314
0se

D~-13

;
:



ris
8'se
S're
€9t

&

L9°?
9l

OND

9Z'¢
ge

10°¢

4]

ge'o
eeo

se'0

]

N
N

N

-

N
N

N

®

c'se
8’98

9°001

[

8
sst
652
692
rd11-
s6e
141
29
ceL
1S
s6e
(X4 §'96 24} 282
e 848 144 99
20
s¢'0
€20
2’0
82’0
€e0
9.0
8L’}
98°L
e
es’e
S6'¢
ey
roc
Lse
€ee
riv
SS9
14
N coe sei o're
6'92
L

7314
8cei
aset
seel
9'is
¥'0s

L'y
eor

oS saL €00 eN (ss10) PO(IOD) PO NO

(/Bw) sunsey eidweg weibosg 10Hd eBusipx3 uoj 130N

26/02/90
26/02/90
26/02/90
26/02/90
26/02/90
26/02/90
28/02/90
26/02/90
26/02/90
26/0¢/90
¢6/02/90
26/02/90
26/61/90
¢6/81/90
26/81/90
¢6/81/90
c6/81/90
26/81/90
c6/81/90
c6/81/90
€6/61/90
€6/61/90
£6/61/90
€6/61/90
€6/81/90
£€6/81/90
€6/81/90
€6/64/90
¢6/61/90
c6/61/90
26/61/%0
26/61/90
¢6/61/90
c6/81/80
c6/81/90

alva
ONINJINYS

Sri)
00:81
00:91
00:¥i
oe:zi
00:04
S1:80
00:02
00:¢41
oe:el
si:80
$4:80
0c:6}
or:9l
orcl
or:0e
or-ai
or:¥i
ov-04
0v:90
S¥:60
S¥:90
Sreo
Sv:00
srie
Sr8i
St:Si
00:Li
0c:Si
00:¥1
00:41
00:60
00:80
sr:Ll
00:L})

BEEEEES

dddd

PO

VA0V VVOVOOVVOOr-r+-E08G6

NNNNNNN!?("QQQO”""

“BEEER

- - -
L
O

3mL NOLL
FdNVS

g

D-14

LIS
9159
9IS
Sis
vis
€is
cis
1190
LIS
018
60S
809
L0S
80$
S0S
¥0S
€0s
cos
10S
00S
66¥
86¢
L6¥
96¥
S6¥
1414
114
114
iéy
14
68Y
o8y
L8y
a8y
sey

:
;




o

(1]

2089
199
§'6C

Lo
910
L0
"o
c0
Lo
¢0
L0
co

e'a9
oLt
S6¢
0cét
00151
00992
oocie
886
10°0
95'¢
9.9
S0'S
SL'y
e
ve'e
61’z

119
€6zt
1LE
oLt
e
L
12
ecl
89!

*0S saL €00 W (ss10) PO PO MO

(18w) synsey eidweg weiboid 104d eBuvyoxz Uy J3IN

ce/ee/so
c8/ce/90
26/2¢/90
¢6/02/90
26/0¢/90
6/02/90
z6/02/90
€6/02/90
26/02/90
€6/02/90
26/02/90
¢6/02/90
¢6/02/80
26/02/80
26/02/90
¢6/02/90
¢6/02/90
26/02/90
26/02/90
¢6/02/90
€6/02/90
¢6/02/90
c5/02/90
¢6/02/90
€6/02/90
€6/0¢/90
26/02/90
€6/02/90
26/02/90
26/02/80
£6/02/90
26/02/90
¢6/02/90
c6/02/90
¢6/02/90

aiva
ONIdNYS

00:2t
00:60
00:60
s¥.02
Sv:8l
srol
sr-vi
sr:el
sv:0i
0r:80
0¥:S0
or:€0
0¥:00
or iz
or-el
or:si
or:ct
or:60

3-3-13
r4-B 1
9r:Si
€rsi
8E:St
€e:si
64:S)
v0:Si
Or-ri
$r:80
S¥:S0
S¥:¢0
SreC
S¥.02
Sr:Li
Sy-ri

anl

. -c-.dd
QOO0 CCCCLCCHOO

ﬂﬂﬂﬂﬂﬂqﬂﬂ""‘"""

2581
iss A
0SS
oS
oS
e
oS
sy
rys
es
s
irs
oS
6cs
8ES
Les
9¢s
€S
ves
ces
zZes
IES
0es
62S
825
128
925
s25
»2s
£2s
22s
128
02s
619
819



L
182
L
e

894

62’
8y
t'Es
6l

it

e

6€°0

1)
rso
6’0
o
izo
120
$0°0
wee ey (31
ory
198
962
ece
' X144
g6}
88l
| 2}
écl
e
8e'e
82’9

N N e'sé i'6 crol 921 8'6c

31

882}

e6ch

0se
1]

€
19°c
9's¢
i9¢
L69
ice
8s¢
9'€L
Si'e
4'SS
9'1S
ris
eécel

o o] 9 0S8 saL e W (i@ P20 PO N

(WBw) sunsey sdums webasd 1id ebusyox3 vol 13N

c6/eZ/90
ce/ee/90
ce/Ze/90
ce/ze/90
ce/ee/o0
¢e/2e/90
¢6/22/80
206/22/90
26/c2/90
z6/ee/90
ce/ce/90
c6/ee/90
206/€2/90
ce/ee/90
c6/ee/90
¢6/2¢/90
¢6/22/90
¢6/22/90
c¢6/22/90
26/22/90
¢6/22/90
26/22/90
€6/22/90
c¢6/ee/90
c¢6/2e/90
c6/2e/90
c6/ee/90
c6/ee/90
c6/2c/90
¢6/22/80
c6/22/90
€6/22/90
ce/ce/90
ce/ee/90
26/22/90

alva
ONIdNYS

:

£c:04
$9:20
T
S9:02
gr:Ll
grirl
I TAYY
S¥:80
00:02
00:21
00:60
00:60
09:90
0S:%0
0S:10
0s:22
0S:64
05:91
0S:€El
05:01
05:20
oc:ri
er:0l
8c:0l
ze:ol
92:01
€1:01
£0:0¢
19:60
¥€:60 ueBey i-v
00:90 ()
00:£0 i-v
00:00 LoV
00:12 ‘v
00:G1

Q000000

gdd
-¥-F-]

CLCICLCIIFOOVOOOOVO

e EEEETFrNNNNNNNNN -
.

0a
L NOLLYDOT
FIINVS FldNvs -

L0
98
$6s
14 1]
€8s
Z8s
189
08s
.74]
8.8
LLs
9.8
L9
»LS
€48
eLs
129
0LS
699
89S
49§
99§
S9S
14°1]
€9§
c¢9s
19§
09§
6SS
8SS
4SS
988
§SS
14
€SS

6

-t

D-




(1

$8°2
88'c
r'oi
¥4
i
DON

140

el

o4

10€

YA}

089

Se6
(741
SL0€
€'c08

oL v'2ec
1413 14'14
s98 ovoe
rire 008y
29¢9 oovii
€L8¢e 008¢
8rsi 809L

*OS SaAl  ©00

(¥Bw) synsey eidwes wwiBoig 1ond eBueyox3z uo| 139N

1134

141
oovel
o0ooece
00804

sl

L0'0

8Lt

et

11/

ol6}
009892
00.s¢
0008}

9°¢

6.0

8’08 8'0s
€'L8

144

] 24

8s's

Le’s

7

v6'C

€e

982

1’92

¢'se

g've

(ss10) PO (Ioy) P

ari

6’9}
€0l
951
' 2% 4
18§
69S
¥6S

NO

26/v2/90
26/v2/90
c6/ve/90
26/v2/90
26/¥2/90
c6/v2/90
c6/92/90
c6/v2/90
c6/v2/90
c6/yei/90
ce/v2/90
26/92/90
c6/ve/90
c6/v2/90
c6/¥e/90
c6/v2/90
26/¥2/90
c6/¥2/90
26/v2/90
c6/e2/90
c6/ee/90
26/£2/90
26/€2/90
¢6/€2/90
26/€2/90
c6/€2/90
¢6/E2/90
c6/€e/90
c6/e2/90
26/E2/90
¢6/€2/90
26/€£2/90
26/£2/90
c6/ee/90
26/€2/90

3lva
ONINdNVS

4
€e:Lt uslBey ¢-2 229 A
92:L\ usBey €2 129
6i:Lt usliey ¢-2 029
90:£1 usfiey €2 (11
TS99l usley €-2 89
o9l usBey ¢-2 L9
0s:22 29 919
80:22 29 Si9
1s:42 r 24} 4%
w2 250 cie
LE2 2z zi9
T Y r 28] L9
(TH T F 2] ot
¥9:02 r4k) 609
iv:02 29 809
00:42 t-4 109
00:91 nA 909
00:24 na $09
00:60 na v09
S¥.61 €9 €09
S¥:8l €9 209
FTHY >3] 109
sr:2i €9 009
S7:60 €9 666
0S:21 29 865
0S¥l 20 16§
0S:)1 29 965
05:80 2-9 $6S
Se bt uebay |-y 65
T Y uebey |-y €65
2e ueliey |-y 26S
CTHYY uebey 1-y 165
STH Y] uebey |-y 065
10:41 ueBey |-y 68S
67:01 uebey |-y 88§
L NOLLYOOT  tEEWN
TWINVS TiWvs  TIINVS



(3 13

Lee
é'ce

et
g'ri

it
6'6C
tie
.14
€92
£ee
eee
L'8e
i€
te'e
ee’l

g'ee
002
L T
oc

o4

[ +]

-y

1z e il . Ze6 26/S2/90 CTH A ueBey |-¥ 199 4
968 26/82/90 oc:0l na 959

929 26/52/90 (T T na $S9

1's9 26/92/90 oc:ii na vs9

(73 26/82/90 0£:60 na €$9

Ve 26/82/90 0€:L0 -9 299

cre 20/82/90 0€:90 -9 is9

602 26/92/90 0€:20 -9 0s9

sy 26/52/90 oc:e2 -2 (12°)

€6'L 26/92/90 0¢c:02 -2 ore

162 26/82/90 oc:Ll -9 L9

[TH! 26/92/90 oc:vl -9 or9

t0'2 26/92/90 oc:4} -9 $v9

1'69 26/92/90 0¢:60 -9 oo

$s2 1> 181  26/52/90 02:91 v cv9
2s2 Iy tLL 26/52/90 0z:cl 2V zr9
2-v 19

2ie 2¢ 851 26/92/90 0zl 2-v or9
rric €91 26/52/90 0z:0} 2-v 6c9

SS) z9 6’16 26/52/90 02:60 z-v 8c9
212 26/52/90 5£:80 2-v 1€9

6€2 vi 191 26/52/90 02:20 i-v 9€9
s¥e € 91 26/52/90 02:20 LV SE9
6¥2 1! YLl 26/52/90 02:00 -y ve9
ez v €2l 26/52/90 0z:12 ) cc9
¥92 I Syl 26/52/90 0z:8t i-v 2c9
0se Le €02 26/S2/90 02Z:St 8] 1€9
¥S2 €E 124 26/92/90 0z:2i L-v 0€9
152 €€ VL2 26/52/90 (T HY LoV 629
€St S¢ ¥l  26/52/90 0z:04 iy 829
87 L2 128 26/52/90 02:60 by 129
S'SP 1’6 §'95 26/52/90 02:80 Ly 929
§'26 26/¥2/90 vS:L1 ueBey ¢-9 §29

€9l 26/¥2/90 es:Lt veBey ¢-9 29

221 26192190 6c:ll uebey ¢-5 £29

o] 129 ’O0S SAL 00D o (ss10) POOD PO N 31va anu NOLLYOO1 LA
ONIdWVS  T\dNVS TIdWS  TINVS

(vBw) synsey eidweg umiBoid wid eBuesydxy uo) 139N




L'8s

89y
Y
vie
eri
eIz
18l
o8
S
eL's
8ot
¢El
s'69
14
6ct
sz
ees

occL 820

9o ree ot

it

Lve

ce
S'SE
Sovi
$68
octi
t4:73
$6S
6'¢6
§'ce

148

So06
0501
0801}
0901
§LeL

10

96!

9¢

9e
L
c8
gere
ocey
14414
vesi
0c
S'6

62
t4: 1
9951
eLLl
694
9SS

(VBw) synsey eidums weiboid lolid eSueyox3z uoy 139N

61
N
N

oeie)

ociie

09414
cETS

80!

vl

96
14:1%
ocer

09Lri
09801
oLy

sl e

lo¢t

N

8’99
8’6o
8'L9
999

c0'E
1ec
ol
ey
¢'ee
§'69
c'e9
6's9
vl
eri

04}
0016}
00s€e
00%9¢1

ere

rie
¢'se

c'er

€0l

Lol

18l

0914
cee
9'é8
182
598
L9¢
6ecy
Lol
oe
oie
6'2L
cor
14']]
1417
$6L
§SS

(ss10) PO(0L) PO N

26/02/L0
te/02/L0
te/02/L0
ze/iziLo
Z6/42/L0
ce/ie/L0
te/02/L0
c6/0¢e’L0
26/80/90
26/00/90
26/80/90
26/00/90
c¢/80/90
€6/00/90
26/80/90
26/00/90
26/52/90
c8/S2/90
€¢6/52/90
26/52/90
€6/52/90
€6/52/90
26/52/90
€6/52/90
26/52/90
¢8/S2/80
c6/S2/90
26/52/90
¢8/52/90
c6/52/90
¢6/52/90
¢6/52/90
26/52/90
26/52/90
c6/52/90

AUva
DNINJINVS

or:8i
or:9i
orvi

00:90
00:80
0S:€i
05:cl
ez:ol
118 1
60:81
208l
rS$:Ll
Le:Ll
(Y4
20:44
Sv-9i
S8l
Si:Si
$0:60
¥S:80
Lv:80
cv:80
0€:80
$1:80
65:40
a¥:40
oe:yl
S¥:60
L1l
oL:ri
ro:vi
esel
erel
[3>9

ML
FVINYS

-0 269

-9 169 &
-9 069
s 689
1-o¥Y 809
-1 189
-9V 989
(RN} $89
usBey 1-0 ve9
usBey 1-D €09
ueley -0 209
usBey -0 189
ueBey 1-D 089
ueleys 1-9 849
ueBey 12 8.9

veBey -0 229
usbay 1-3 9.9

[RXo) S.9

-9 v29
vefiey 2-v €l9
vebey z-v 2.9

uebay 2-v 129
vebey 2-v 0.9
veBey 2-v¥ 699
uebey 2-¥ 899
ueBey 2-vy 199
usbay 2-v 299
uebey (-v 599

-1 v99
uebey 1-v €99
uebey -y 299
usbey |-v 199
uvebey |-y 099
ueBoy |-v 659
ueBey 1-v 899




el

8¢e’S

el

1’0l

res
ocl
9z¢
r4 14
00.S€
oo6L}
eLi
sy
ey
206
we
ere
$ec
60's
ez!
sot
6'9¢c
298 98
viz 1115 1's8 9'98 1'ee
s'or
9’9t
9'9¢c
6Lt
L &1
L1
§'62
oy
6’8l
6’68 89
S'L9 €69 SIS
ol
96
§0'S
66'¢
e

1o 14 saL 000 N (ss10) PO(WY PD NO

(VBw) synsey eidums umiBoid iopd eBuwyoxy uoy 130N

Te/eeiLo
ce/eeiLo
ze/eeiLo
ce/eeiLo
c6/22/L0
ge/eeiLo
te/ee/Lo
ee/eeiLo
ge/ee/Lo
20/22/L0
geseeiLo
ee/eeiLo
ge/eeiLo
ee/eeiLo
c6/2eiL0
Zeseei/Lo
ge/eeilo
ce/eei/Lo
ceseeiLo
26/22%/L0
e6/2eiLo
ee/ee/Lo
z6/22/L0
ce/ieiLo
c6/Le/Lo
c6/1e/Lo
T6/12/L0
c6/421L0
ce/ieiLo
g6/12/1L0
c6/1TiILo
Ze/ieiLo
c6/ieiio
c6/02/L0
¢6/02/L0

aiva
ONIIdNVS

L0:2)
€044
0S:91
€S9l
or9i
119!

$5:9¢
oz'si
§5:12
§s:64
sS4
SS:vi
SS:Hi
$5:80
$5:90
§5:20
00:11
00:11}
or:L0
or:so
or:€0
0r:00
orie
or:8i
or:s)
orei
09:60
00:60
00:60
or:80
or:20
0¥:00
oree
ov:0c

Nl

FINVS

usBey -0
uebey -0

COVVOKFCKVOVVVVVVVVIFRFIVOVOVOOD

'NNN‘\'INNNN

-

. .

-
P oo n e Yoo e Y e
. ¢« ¢ 2 8 ¥

- g gm g gn gw
.

:
g

Lee
9L
seL
vel
€eL
1273
274
oz
1¥3
oKL
LiL
stL
SiL
riL
1%
ciL
¥4
oL
604
804
L0¢L
90L
S0¢L
Yol
€0L
c0L
117
00L
669
869
169
969
s69
69
€69

0

o~

D-

:
:




[~

o

10

6'8L
00!}
661}
0952
00962
0596
162
68
ie'9
c0'0
569
809
| 4]
£'29
c'es
8’8y
€y
€9t
9'0¢€
6'SC
zsoe
9'si
‘6 €6
Lee e S¢

1405 salL €00 N (ssia) PO(O) PO MO

(VOw) synsey edwes weiboid tond eBuvyox3y vo 139N

ce/eeiLo
26/€e2/L0
ce/eciLo
c6/e2/L0
ce/eeiio
¢6/e2/L0
c6/ee/lo
¢6/€2/L0
e6/€2/L0
¢6/€2/L0
¢6/e2/L0
26/€2/L0
ce/ee/Lo
¢6/E2iILo
c¢6/ee/Lo
c6/eeiLo
c¢6/ee/Lo
c6/eeilo
c¢6/2eiLo
c¢e/eeiLo
ce/ee/lo
c6r/eeiLo
ce/eei/Lo
c¢6/eeiLo

ETL L]
ONI'IdNYS

92:L1
2Ll
9i:Lt
Ll
90:41
6¥:94
L2:91
90:91
S¥:Si
00:41
00:¥1
00:2}
00:01
S1:60
0t:80
540
§5:S1
SS-v)
SS'El
§S:21
SS:L)
$5:01
S1:80
51:80

INL

NS

U ‘el "Q Myuy  edinog

ueBey 2-0
ueBey 2-5
uebey 2-0
uefley 2-0
uebey 2-0
uebey 2-9
uebay 2-D
uabey 2-9
ueBey 2-9

194114

O OV OV €0 8 €V VOV NoY oy
COO0OO0OO0OOOOOOOO

-
O
-<

i
i

(37
0S¢
6re
8re
Lre
arL
1144
144
ers
144
1373
ors
6tL
g€l
Lee
9¢€¢L
S€L
rel
€€L
cel
€L
0eL
6zl
8e!L




Appendix E: Equipment List and Costs for Option No. 1




Teble E-1: Equipment List and Costs for Option No. 1

Unh No. of
item Description Cost Units
System 100 - Feed System
T-101 Surge Tank, flat bottom $800 1
250 galion, HDPE
T-102 Holding Tank $2,900 1
750 gallon, HDPE
cone-bottom with stand
F-101 In-line Strainer $420 1
F-102, F-103 Suspended Solids $250 2
Fikers, 5 micron wound
fiters, PVC housing
P-101 Transter Pump $450 1
3 gpm, 10 psi
Polypropylene waetted parts,
air diaphragm pump.
P-102, P-103  Feed Pumps $1.,200 2

10 gpm, 100 psi, 2HP
CPVC, two-stage, flooded
suction centrifugal

System 100 Subtotal

Source: Arthur D. Little, Inc.

Total Cost

$600

$2,9¢0

$420

$500

$450

$2,400

$7,270

Moduler
Factor

1.98

2.55

1.2

1.21

3.38

3.38

installed
Cost

$1,176

$7,395

$508

$605

$1,521

$8,112

A

$19,317




Tabie E-1: Equipment List and Costs for Option No. 1

Unit No. of Total Cost Modulsr instalied
ftem Description Cost Units Factor Cost

System 200 -Cation Exchange System

$-201 Cation Exchange Skid $35,000 1 $35,000 2.26 $79.,100
Three ion exchange columns :
operated in series, two in
operation with one in standby.
Each column holds 1 cu ft
of resin, 1* PVC piping
with automatic valves;
PLC controlled regeneration.
Each column is designed to
be online for 5 days betore
regeneration.

1.202 Initial Charge of Cation Resin $330 3 $990 1.1 $1,089
Amberlite IRC-718, 3 cu
ft total

System 200 Subtotal $35,990 $80,109

Source: Arthur D. Little, Inc.

E~4
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Table E-1: Equipment List and Costs for Option Neo. 1

Unit No. of
item Description Cost Units

System 300 - Cation Regensration and Electrolytic Recovery

T-301 Sulturic Acid Day Tank $700 1
S5 galions, HDPE,
cone bottomed with stand

T-302 Sodium Hydroxide Day Tank $700 1
55 galions, HDPE,
cone bottomed with stand

T-303 ERU Recirculation Tank $175 1
30 gailons, HDPE,
rectangular with cover

P-301, P-302  Sulturic Acid Metering Pump $850 2
and sodium hydroxide meter-
ing pump.
.1-1 gpm, 50 psi, 316 SS
centrifugal pump.

P-304 Spent sulfuric acid $450 1
transfer pump. 10 gpm,

10 psi, polypropylene
wetted parts,air diaphragm.

E-301, P-303 Electrolytic Recovery Unit $5,000 1
and recirculation pump.
Batch system with ERU
capacity of 12.5 gallions.
Open-lined vessel
reguiated DC power supply.
Stainiess steel
anode and cathodes.

MXR-301, Direct Drive Air Mixer $700 2
MXR-302 1/4 HP

System 300 Subtotal

Source: Arthur D. Little, Inc.

Total Cost

$700

$700

$175

$1,700

$450

$5,000

$1,400

$10,125

Modular
Factor

2.55

2.55

3.38

3.38

2.26

2.55

instalied
Cost

$1,785

$1,785

$446

$5,746

$1,521

$11,300

$3,570

$26,153

E-5




Table E-1: Equipment List and Costs for Option No. 1

Unit
item Description Cost
System 400 - Reverse Osmosis (RO) System
T-401 RO Equalization Tank $1,000
§00 galion, HDPE, with
cover, flat bottom
P-401, RO-401 Reverse Osmosis Process $20,000

Unit, 1-5 gpm feed rate,
75% recovery, 80
to 85% rejection.

System 400 Subtotal

Option No. 1 System - Total

Source: Arthur D. Little, inc.

No. of
Units

Total Cost

$1,000

$20,000

$21,000

$74,385

Moduler
Factor

2.55

2.26

installed
Cost

$2,550

$45,200

$47,750

$173,500

E-6




Appendix F: Equipment List and Costs for Option No. 2




Table F-1: Equipment List and Costa for Option Neo. 2

Unk No. of
item Description Cost Units
System 100 - Feed System
T-101 Surge Tank, fiat bottom $600 1
250 galion, HDPE
T-102 Holding Tank $3,250 1
1000 gallon, HDPE
cone-bottom with stand.
F-101 In-line Strainer $420 1
F-102, F-103  Suspended Solids $250 2
Filters, 5 micron wound
fiters, PVC housing
P-101 Transfer Pump $450 1
3 gpm, 10 psi
polypropylene wetted parts,
air diaphragm pump.
P-102, P-103 Feed Pumps $1,200 2

10 gpm, 100 psi, 2HP
CPVC, ficoded suction,
staged centrifugal pump.

System 100 Subtotal

Source: Arthur D. Little, Inc.

Total
Cost

$600

$3,250

$420

$500

$450

$2,400

$7.620

Modular
Factor

1.96

2.55

1.21

1.21

3.38

3.38

inst led
Cost

$1,176

$8,288

$508

$605

$1,521

$8,112

$20,210




Teble F-1: Equipment List and Costs for Option No. 2

Unit
ftem Description Cost

System 200 -Catlon Exchange System

§-201 Cation Exchange Skid $45,000
Three ion exchange columns
operated in series, two in
operation with one in standby.
Each column holds 2.5 cu ft
of resin, 1° PVC piping
with automatic vaives;

PLC controlled regeneration.
Each column is designed to
be online for 5 days before
regeneration.

{-202 Initial Charge of Cation Resin $330
Amberiite IRC-718, 7.5 cu
ft total.

System 200 Subtotal

Source: Anhur D. Little, Inc.

No. of
Units

75

Total
Cost

$45,000

$2,475

$47,475

Modular
Factor

2.26

1.1

ins:. .cod
Cost

$101,700

$2,723

$104,423

F-4




Table F-1: Equipment List and Costs for Option No. 2

Item

System 300 - Cation Regenerstion and Electrolytic Recovery

T-301

T-302

T-303

P-301, P-302

P-304

E-301, P-303

MXR-301,
MXR-302

Unit
Description Cost

Sulfuric Acid Day Tank $950
150 galions, HOPE
cone-bottome with stand

Sodium Hydroxide Day Tank $950
150 galions, HDPE
cone-bottome with stand

ERU Recirculation Tank $250
50 gallons, HDPE
rectangular with cover

Sulturic Acid Metering Pump $850
and sodium hydroxide meter-

ing pump.

1 gpm, 50 psi, 3/4 HP

316 SS centrifugal pump

Spent sulfuric acid $450
transfer pump. 10 gpm,

10 psi, polypropylene
wetted parts, air diaphragm.

Electrolytic Recovery Unit $10,700
and recirculation pump.

Batch system with ERU

capacity of 20 galions.

Automatic pH adjustment, open

lined vessel , regulated DC

power supply. Stainless steel

anode and cathodes.

Direct Drive Air Mixer $900
12 HP

System 300 Subtotal

Option No. 2 System - Total

Source: Arthur D. Little, Inc.

Total
Cost

$950
$950
$250

$1,700

$450

$10,700

$1,800

$16,800

$71,8958

Moduler
Factor

2.55

2.55

2.55

3.38

2.55

installed
Cost

$2,423

$2,423

$638

$5.746

$1.,521

$27,285

$4,590

$44,625

$170,000




Appendix G - Cost Estimation Approach

Explanation of Modular Factors for installed Equipment Cost

Kenneth Guthrie9 has developed a method for estimating capital cost purchases which
utilizes a modular factor to account for indirect costs in addition to the capital purchase
price of a unit piece of equipment. We have used Guthrie’s Chemical Process Module
to estimx - . nodular factors for the ion exchange equipment. Guthrie provides
publishea mgda.ular factors for some specific equipment, whereas some modular factors
were estima;

Figure G-1 is an illustration of Guthrie's Chemical Process Module. This illustration
assumes an equipment capital investment of $100,000. One can use a combination of
the illustrated factors to arrive at the total module cost. Included in the factors are such
items as materials, labor, electrical, instrumentation, steel, piping, concrete, insulation,
paint, and field installation. An explanation of the various factors is provided below.

Material Factor: Indicates the relationship between the capital equipment cost and
total field materials associated with the equipment. The material factor generally
ranges from 1.42 to 1.75.

Labor Factor: This includes all field labor required to install the equipment and erect
the field materials, It generally ranges from 0.54 to 0.66. This does not include fringe
benefits or labor burdens, which are included in the overhead account.

LM Ratlo: Relates direct labor to direct material. It is an important measure of
productivity and ranges from 0.32 to 0.4.

Direct Cost Factor (M&L): Relates equipment capital cost to the dost of the equipment
together with cost of field materials and field labor necessary to install the equipment
on a prepared job site. Ranges from 1.8 to 2.6.

Indirect Cost Factor: Includes indirect cost elements associated with the module or
project. This factor is sensitive to materials of construction, labor productivity, field
supervision, site location, and dollar magnitude. The average value is 1.34 to 1.38.

Bare Module Facter: This include all direct and indirect cost elements in the process
module, and is used as a multiplier on the equipment cost. It is a measure of the cost
required to integrate single or multiple pieces of equipment into a system. This factor
ranges from 2.38 to 3.64.

Total Module Factor: Includes all estimated costs in the bare module plus any
contingencies considered necessary to adjust for unlisted items or due to the lack of
sufficient detailed design information as well as contractor fee. The contingency used
ranges from 18 to 30%.




Development of Modular Factors

The modular factars shown in Appendix E and F are Total Module Factors. The
following is an explanation of the source of these modular factors.

Pumps:

require electrical or pneumatic power, instrumentation such as pressure gauges
and level controls, piping connections, and mounting. These costs are taken into
account by the modular factor outlined by Guthrie. A module factor of 3.38 is
estimated which includes piping, concrete, instruments, electrical, insulation, and paint.
the factor also included field labor, material erection, freight, insurance, and taxes. No
contingency was added to this factor due to the simplicity of the installation.

Tanks:

Again, a factor taken from Guthrie was used for installed tank cost. For cone-bottomed
tanks a bare module factor of 1.96 was used with a contingency of 30%, resulting in a
total module factor of 2.55. All flat bottom tanks were assumed to have no contingency
and had a total module factor of 1.96. Tank installation includes setup labor and
piping.

Mixers:

Guthrie® provides Field Installation Factors for specific pieces of equipment. Propeller
mixers are estimated to have a field installation factor of 1.38. If it is assumed that the
indirect factor is 1.38 and an additional 30% contingency is added, the total module
factor is equal to: 1.38x1.38x1.3=25.

Other:

The total module factors for the other equipment modules were estimated. These
include the following:

Equipment Total Module Factor
In-line Strainer 1.21
Suspended Solids Filter 1.21

Initial Charge of Resin 1.1

Ion Exchange Skid 2.26
Electrolytic Recovery System 2.26
Reverse Osmosis System 2.26

The in-line strainer, suspended solids filter, and resin charge all have very low modular
factors. This is due to the simplicity of the installation, the minimum amount of labor
required, and the possibility that the modular factors for the other major pieces of
equipment already have some piping and installation labor built in which may include
these auxiliary pieces of equipment. The ion exchange skid, the electrolytic recovery
system, and the RO system also have estimated modular factors. Again, the factors are
less than those for tanks and pumps because they are assumed to be skid-mounted
systems with little installation labor required. Some labor is required for
instrumentation, rigging, pipe connections, and power.




Figure G-1: Chemical Process Module

Direct
material, M Direct Direct
(E+M) labor, L MaL cost
(E+M+L)
Fob. equipment 100.0 _?w
Piping 32.0 0
Concrete 89 module
Steel 1.7 factor
Bare Instruments 7.3 (x3.48)
module Electrical 83 Labor Direct
. factor Insulation 3.4 factor cost
- (x2.95) Y Paint 0.6 (x0.58) factor*
. . Material (x2.20)
' factor
(x1.62)

| 1622 | 580 | =

L e}

*Field instaliation (M&L)

- Total bare module ——-
Contingency and fee (18%) ~—#»
Total module cost —@»

Source: Guthrie, K. M., Chemical Engineering, March 24, 1969.

indirect
factor
(x1.34)

2951

53.1

3452 ]|~

G-3




Appendix H: Water Balance and Chemical Consumption Caicuiations




Appendix H - Calculations

Water Balance
Option No. 1 (with RO Treatment)
Rinsewater and chemical requirements for regeneration:

Regen Holding ERU NaOH
Step Tank Tank Tank IWTP

Initial
Rinse 60

Acid
Regen 8 5

Slow
Rinse 8 14

Fast
Rinse 105

NaOH
Neut. 7 8

Final
Rinse 8

Totals 68 13 15 224

3

224 gallons to IWTP every five days from regen
224/5 = 44.8 gallons per day (gpd)

Total rinsewater use = 60 + 22 + 105 + 105 = 292 gals
292 gals/ 5 days = 58.4 gpd

Assume 25 gallons per day lost to evaporation and dragout.
Assume RO receives 1000 gpd rinsewater + recycle to hold tank=
1000 + 136/5 = 1014 gpd

Assume 75% Flow recovery in RO
(1000 + 14) x 75% = 760 gpd Recycled
(1000 + 14) x 25% = 253 gpd to INTP

Total makeup required in rinse tank =
1000 + 25 - 760 = 265 gpd

Total Discharge to IWTP =
44.8 gpd + 253 gpd = 298 gpd

Total water use =
265 + 58.4 = 323 gpd x 365 days/year x 1 1000 gallons/1000 gallons
=118 1000 gallons per year water use

Total
(gals)

13

105

15

105

H-3




Option No. 2 (without RO Treatment)

Assume 1000 gpd of rinsewater required.

Rinsewater and chemical requirements for regeneration:

Regen
Step

Initial
Rinse

Acid
Regen

Slow
Rinse

Fast
Rinse

NaOH
Neut.

Final
Rinse

Totals

Tnk ©  Tank

150

20 12
20

170 32

NaOH
Tank

19

12
31

566 gallons to IWTP every five days from regen
566/5 = 113.2 gallons per day (gpd)

Total rinsewater use = 150 + 56 + 262 + 262 = 730 gals
730 gals/ 5 days = 146 gpd

Assume 25 gallons per day lost to evaporation and dragout.
Assume cation exchanger receives 1000 gpd rinsewater + recycle to hold tank=
1000 + 170/5 = 1034 gpd

Total makeup

required in rinse tank =

1000 + 25 = 1025 gpd

Total Discharge to IWTP =
113 gpd + 1034 gpd = 1147 gpd

Total water use =

1025 + 146 = 1147 gpd x 365 days/year x 1 1000 gallons/1000 gallons

=419 1000 gallons per year water use

IWTP

36

262

18

§ 8

Total
(gals)

150
32

36

37

262
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Chemical Consumption
Options No. 1
Acid Regeneration: 13 gallons 10% H2S04 required per regeneration

73 regens /year x 13 gallons / regen =
950 gallons per year 10% H2504

Assume lose 10% to bleed stream = 95 gallons per year
Assume 70% of the remaining is reused = 600 gallons per year

950 gallons required - 600 gglons recycled
= 350 gallons per year of 10% acid required to be purchased

Need 3.1 gallons of 98% H2SO4 for every 50 gallons to make a 10% solution.
= 22 gallons of 98% acid per year
Use 25 gallons

NaOH Neutralization: 15 gallons 5% NaOH required per regeneration

1regen /5 days x 73 regens  year x 15 gallons / regen
= 1095 gallors .er year of 5% NaOH

Assume lose 10% to bleed stream = 110 gallons per year
Assume 70% of the remaining is reused = 690 gallons per year

1095 gallons required - 690 gallons recycled
= 405 gallons per year of 5% NaOH required to be purchased

Need 7.3 gallons of 50% NaOH for every 100 gallons of water
= 30 gallons of 50% NaOH per year

Use 35 gallons




Chemical Consumption
Options No. 2 (Without RO System)
Acid Regeneration: 32 gallons 10% H2504 required per regeneration

73 regens /year x 32 gallons / regen =
2336 gallons per year 10% H2S04

Assume lose 10% to bleed stream = 234 gallons per year
Assume 70% of the remaining is reused = 1471 gallons per year

2336 gallons requu.d - 1471 gallons recycled
= 865 gallons per year of 10% acid required to be purchased

" Need 3.1 gallons of 98% H2S04 for every 50 gallons to make a 10% solution.

= 54 gallons of 98% acid per year
Use 60 gallons

NaOH Neutralization: 38 gallons 5% NaOH required per regeneration

1 regen / 5 days x 73 regens / year x 38 gallons / regen
= 2774 gallons per year of 5% NaOH

Assume lose 10% to bleed stream = 277 gallons per year
Assume 70% of the remaining is reused = 1748 gallons per year

2774 gallons required - 1748 gallons recycled
= 1026 gallons per year of 5% NaOH required to be purchased

Need 7.3 gallons of 50% NaOH for every 100 gallons of water
=75 gallons of 50% NaOH per year
Use 80 gallons
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Cadmium Recovery

1000 gpd at 30 mg/L Cd

1000 gpd = 3785L x 30 mg/L

= 114 grams/day Cd x 365 days/year
= 41,145 grams/year x 11b/454 grams
= 91 lbs/year Cd recovered

R-7




DISTRIBUTION LIST

AFIT / CAPT SCHMIDT, WRIGHT-PATTERSON AFB, OH; DEV, WRIGHT-PATTERSON
AFB, OH

ARMY CERL / LIB, CHAMPAIGN, IL

ARMY CRREL / CRREL-IC, HANOVER, NH; ISKANDAR, HANOVER, NH

ARMY DEPOT / LETTERKENNY, SDSLE-EN, CHAMBERSBURG, PA

ARMY EHA / HSE-RP-HG, ABERDEEN PROVING GROUND, MD; HSHB-EA-S, SMITH,
ABERDEEN PROVING GROUND, MD; W630, ABERDEEN PROVING GROUND, MD

ARMY ENGRG DIST / LIB, PORTLAND, OR; LIB, PHILADELPHIA, PA

ARMY EWES / LIB, VICKSBURG, MS

AWWA RSCH FOUNDATION / JO CATLIN, DENVER, CO

BUREAU OF RECLAMATION / D-1512 (GS DEPUY), DENVER, CO

CBC / CODE 155, PORT HUENEME, CA

CHESNAVFACENGCOM / CODE 04, WASHINGTON, DC; CODE 114.1, WASHINGTON, DC

GSA / CODE PCDP, WASHINGTON, DC

LANTNAVFACENGCOM DET EUR / BR OFC, DIR, NAPLES, ITALY, FPO AE; CODE
1632, NORFOLK, VA; CODE 405, NORFOLK, VA

LBNSY / CODE 106.3, LONG BEACH, CA

MCAS / CODE LCU, CHERRY POINT, NC; NREA DEPT, CHERRY POINT, NC

MCLB / CODE 520, ALBANY, GA

MCRDAC / NSAP REP, QUANTICO, VA

NAS / CODE 187, JACKSONVILLE, FL; CODE 421, SAN DIEGO, CA

NAS PENSACOLA / FAC MGMT OFFICER, PENSACOLA, FL

NATL. ACADEMY OF ENGRY / ALEXANDRIA, VA

NAVAIRWARCENACDIV / CODE 83, PATUXENT RIVER, MD

NAVAIRWPNSTA / CODE 07301 (CORRIGAN), POINT MUGU, CA

NAVAVIONICCEN / CODE D-701, INDIANAPOLIS, IN; PWO, INDIANAPOLIS, IN

NAVCONSTRACEN / CO, PORT HUENEME, CA; CODE B-1, PORT HUENEME, CA

NAVFACENGCOM / CODE 04A3, ALEXANDRIA, VA; CODE 04A3C, HUBLER,
ALEXANDRIA, VA; CODE O4A4E, ALEXANDRIA, VA; CODE 051A, ALEXANDRIA, VA;
CODE 083, ALEXANDRIA, VA

NAVFACENGCOM CONTRACTS / ROICC, TWENTYNINE PALMS, CA

NAVSHIPYD / CODE 106, PEARL HARBOR, HI; CODE 106.4 STARYNSKI,
PHILADELPHIA, PA; CODE 308.3, PEARL HARBOR, HI; TECH LIB, PORTSMOUTH,
NH

NAVSTA / CODE 423, NORFOLK, VA

NAVSTA PUGET SOUND / CODE 922, EVERETT, WA

NAVSWC / CODE W42 (GS HAGA), DAHLGREN, VA

NAVTECHTRACEN / UPSON, PENSACOLA, FL

NAVWPNCEN / CODE 2637, CHINA LAKE, CA

NORTHNAVFACENGCOM / CO, LESTER, PA; CODE 164, LESTER, PA

NPWC / CODE 414, NORFOLK, VA

NPWD / CODE 418, SEATTLE, WA

NRL / CODE 2511, WASHINGTON, DC; CODE 2530.1, WASHINGTON, DC

NSWC / CODE O9RA, INDIAN HEAD, MD

NSWC-1HD / CODE 095, INDIAN HEAD, MD

OREGON STATE UNIV / CE DEPT (YIM), CORVALLIS, OR

DL-1




PWC / ACE OFFICE, NORFOLK, VA; CODE 400, WASHINGTON, DC; CODE 420,
OAKLAND, CA; CODE 421 (KAYA), PEARL HARBOR, HI; CODE 421 (KIMURA),
PEARL HARBOR, HI; CODE 421 (REYNOLDS), SAN DIEGO, CA; CODE 4450A (T.
RAMON), PENSACOLA, FL; CODE 505A, OAKLAND, CA

PWD / REY, CORPUS CHRISTI, TX

SEATTLE UNIV / CE DEPT (SCHWAEGLER), SEATTLE, WA

SOUTHNAVFACENGCOM / CODE 04A, CHARLESTON, SC

SOWESTNAVFACENGCOM / CODE 101.1, SAN DIEGO, CA

STATE UNIV OF NEW YORK / CE DEPT, BUFFALO, NY

TEXAS AM UNIVERSITY / KRISHMAMOHAN, COLLEGE STATION, TX

UNIV OF NEW MEXICO / NMERI (FALK), ALBUQUERQUE, NM

UNIV OF PITTSBURGH / HOLLAND, PITTSBURGH, PA

UNIV OF TEXAS / CONSTRUCTION INDUSTRY INST, AUSTIN, TX

UNIV OF WASHINGTON / ENGRG COL (CARLSON), SEATTLE, WA

USAE / CEWES-IM-MI-R, VICKSBURG, MS

WESTNAVFACENGCOM / CODE 1822SC, SAN BRUNO, CA; VALDEMORO, SAN BRUNO, CA

DL-2




su

1
1A

18
1C
1D
1€
1F
1G
1H

1J

1K
1L
1™
2

2A

2B
2C

20
2E
3

3A
38

3C

DISTRIBUTION QUESTIONNAIRE
The Naval Civil Engineering Laboratory is revising its primary distribution lists.

BJECT CATEGORIES

SHORE FACILITIES

Construction methods and materials (including corrosion
control, coatings)

Waterfront structures (maintenance/deterioration control)

Utilities (including power conditioning)

Explosives safety

Aviation Engineering Test Faciiities

Fire prevention and control

Antenna technology

Structural analysis and design (including numerical and
computer techniques)

Protective construction (including hardened shelters, shock
and vibration studies)

Soilrock mechanics

Airfieids and pavements

Physical security

ADVANCED BASE AND AMPHIBIOUS FACILITIES

Base facillies (including shelters, power generation, water
supplies)

Expedient roads/airfields/bridges

Over-the-bsach operations (including breakwaters, wave
forces)

POL storage, transter, and distribution

Polar engineering

ENERGY/POWER GENERATION

Thermal conservation (thermal engineering of buildings,
HVAC systems, energy ioss measurement, power
generation)

Controls and electrical conservation (electrical systems,
e <vqy monitoring and control systems)

Fuel flexibility {liquid fueis, coal utilization, energy from solid
waste)

TYPES OF DOCUMENTS

3D

BE HAhE86E"S A

834

SE

aJ
5K

Allernate energy source (gecthermal power, photovoltaic
power systems, solar systems, wind systems, energy
storage systems)

Slte data and systems integration (energy resourcs data,
integrating energy systems)

EMCS design

ENVIRONMENTAL PROTECTION

Solid waste management

Hazardous/toxic materiais management

Waterwaste management and sanitary engineering

Ol pollution removai and recovery

Seafioor soiis and {oundations

Seaficor construction systems and operations (including
diver and manipuiator tools)

Undersea structures and materials

Anchors and moorings

Undersea power systems, slectromechanical cabies, and
connectors

Pressure vessel facillties

Physical environment (including site surveying)

Ocsan-based concrete structures

Hyperbaric chambers

Undersea cable dynamics

ARMY FEAP

BDG Shore Faciilties

NRG Energy

ENV Environmental/Natural Responses
MGT Managsment

PRR Pavements/Rairoads

D = Techdata Sheets; R = Technical Repurts and Technical Notes; G = NCEL Guides and Abstracts; ! = Index to TDS; U = User
Guides; [J None -remove my name

Old Address:

Telephone No.:

New Address:

‘slechone No.:




INSTRUCTIONS

The Naval Civil Engineering Laboratory has revised its primary distribution lists. To help us verily

our records and update our data base, please do the following:
e  Add - circle number on list
. Remove my name from all your lists - check box on list.

e  Change my address - line out incomect fine and write in cormection
(DO NOT REMOVE LABEL).

e  Number of copies should be entered after the title of the subject categories
you select.

e Are we sending you the comrect type of document? If nat, circle the type(s) of
document(s) you want to receive listed on the back of this card.

Fold on line, staple, and drop in mail.

DEPARTMENT OF THE NAVY
Naval Civii Engineering Laboratory
560 Laboratory Drive

Port Hueneme CA 93043-4328

Official Business
Penalty for Private Use, S300

BUSINESS REPLY CARD

FIRST CLASS PERMIT NO. 12503 WASH D.C.

POSTAGE WILL BE PAID BY ADDRESSEE

COMMANDING OFFICER

CODE L34

§60 LABORATORY DRIVE

NAVAL CIVIL ENGINEERING LABORATORY
PORT HUENEME CA 93043-4328

L4




NCEL DOCUMENT EVALUATION
You are number one with us; how do we rate with you?

We at NCEL want to provide you our customer the best possible reports but we need your help. Therefore, | ask you
1o please take the time from your busy schedule to fill out this questionnaire. Your response will assist us in providing
the best reports possible for our users. | wish to thank you in advance for your assistance. 1 assure you that the
information you provide will help us to be more responsive to your future needs.

St o

R N. STORER, Pa.D, P.E.

Technical Director
DOCUMENT NO. TITLE OF DOCUMENT:
Date: Respondent Organization :
Name: Activity Code:
Phone: Grade/Rank:
Category (please check):
Spoasor User Proponent Other (Specify)

Please answer on your behalf only; not on your organization's. Please check (use an X) only the block that most closely
describes your attitude or feeling toward that statement:

SA Strongly Agree A Agree O Neutral D Disagree SD Strongly Disagree

SAANDSD SA ANDSD
1. The technical quality of the report OO ) ) ()] 6. Theconclusionsand recommenda- () () () () ()
is comparable to most of my other tions are clear and directly sup-
sources of technical information. - _ ported by the contents of the
report.
2. The report will make significant OO0 000
improvements in the cost and or 7. The graphics, tables, and photo- OOOOO
performance of my operation. graphs are well done.
3. The report acknowledges related OO0 O0
work accomplished by others. Do you wish to continue getting s .3
NCEL reports? YES NO
4, ‘The report is well formatted. OO0000

Please add any comments (e.g.. in what ways can we

improve the quality of our reports?) on the back of this
form.

5. The report is clearly written. OO0




